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Abstract 
 
New alloying concepts are proposed to develop hot-rolled weathering-dual phase steels 
that combine good strength-ductility balance and enhanced atmospheric corrosion 
resistance. The proposed concepts comprise mainly the alloying elements that improve 
the atmospheric corrosion resistance (Cu, Ni, P and Cr) and those that facilitate the 
adjustment of dual phase microstructure during processing by hot rolling (C, Mn and Si). 
Moreover, Nb and combined Nb-Mo additions are utilized to enable the controlled-
thermomechanical processing and to tailor the mechanical properties.  
The applicable processing window and cooling strategy for microstructure adjustment 
are designed on laboratory scale by means of thermomechanical simulation 
experiments. The most successful processing parameters are transferred to the pilot 
scale. The microstructures of the pilot hot-rolled sheets are investigated and the 
mechanical properties are evaluated by means of tensile, hole expansion and bending 
tests. The atmospheric corrosion behavior in comparison to a reference-dual phase steel 
is studied by conducting an accelerated cyclic atmospheric corrosion test.  
The developed weathering-dual phase steels achieve tensile strengths in the order of 
730-940 MPa and average total elongation of 11-14%. Moreover, they corrode at an 
average corrosion rate of about 0.26 µm/week (under accelerated corrosion testing 
conditions), which is comparable to the corrosion rate of weathering steel 
(0.22 µm/week) and around 40% lower than that of the reference-dual phase steel 
(0.42 µm/week). 
 
  
 viii 
 
 
 
Zusammenfassung 
 
Neue Legierungskonzepte zur Entwicklung warmgewalzter wetterfester Dualphasen-
stählen werden vorgeschlagen, die zum einen gute mechanische Eigenschaften und 
zum anderen erhöhten Widerstand gegen atmosphärische Korrosion aufweisen. Die 
neuen Konzepte enthalten im Wesentlichen die Legierungselemente, welche den 
atmosphärischen Korrosionswiderstand (Cu, Ni, P und Cr) verbessern und die 
Einstellung vom Dualphasengefüge beim Warmwalzen (C, Mn and Si) ermöglichen. 
Darüber hinaus werden Nb- und Nb-Mo-Zugaben verwendet, damit durch 
thermomechanisches Walzen die mechanischen Eigenschaften gezielt angepasst 
werden können. 
Experimente zur thermomechanischen Behandlung wurden im Labormaßstab 
durchgeführt mit dem Ziel, die Prozessparameter und die Kühlstrategie für die 
angestrebten Gefüge auszulegen. Die optimalen Prozessparameter wurden vom 
Labormaßstab in den Pilotmaßstab überführt, um die warmgewalzten Bleche für die 
weiterführenden Untersuchungen herzustellen. Die Gefüge wurden charakterisiert und 
die mechanischen Eigenschaften mittels Zug-, Lochaufweitungs- und Biegeversuchen 
ermittelt. Das atmosphärische Korrosionsverhalten der neuen wetterfesten 
Dualphasenstähle wurde unter beschleunigt zyklischer Korrosionsprüfung charakterisiert 
und mit einem Referenz-Dualphasenstahl verglichen.  
Die entwickelten wetterfesten Dualphasenstähle erreichen eine Zugfestigkeit in der Höhe 
von 730-940 MPa kombiniert mit einer Gleichmaßdehnung von 11-14%. Ihre 
Korrosionsrate (unter beschleunigter Korrosionsprüfung) beträgt ca. 0.26 µm/Woche, 
was mit wetterfestem Stahl (0.22 µm/Woche) vergleichbar und ca. 40% geringer als 
beim Referenz-Dualphasenstahl (0.42 µm/Woche) ist. 
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1. Introduction  
 
A growing demand for steel grades with improved formability and major increases in 
strength level has been observed in the last years to cope with the requirements of 
reduced-weight and fuel-efficient applications. Therefore, the global steel industry has 
responded with development of the so-called advanced high strength steels (AHSS) with 
at least two microstructural components that could achieve a remarkable increase in 
strength without significant deterioration in ductility. Three generations of AHSS have 
been developed and could be distinguished by their alloying concepts, microstructural 
constituents and deformation mechanisms. The development of the first generation of 
AHSS with at least two microstructural components has led to a large increase in 
strength level without a degradation of formability. For the first generation the matrix 
remains almost ferrite with different amount of second phases that may reach 30 vol.% 
martensite in dual phase steels or 15 vol.% retained austenite + 40 vol.% bainite in TRIP 
steels. The introduction of the second AHSS (high manganese steels) implies the 
change from ferritic to austenitic matrix steels, which provides a superior strength-
formability balance. The typical alloying content applied for the second generation 
ranges from more than 20 wt.% for pure austenite microstructure and more than 10 wt.% 
for mixed austenite and ferrite/martensite microstructure. Recently, the third generation 
of AHSS (medium manganese steels) with multiphase microstructure of high austenite 
fraction has been developed. The processing routes and alloying content for the third 
generation are currently receiving much attention [Ble14a]. 
Besides strength, weight reduction and formability requirements the atmospheric 
corrosion resistance is regarded as a one of the new challenges that are recently arising. 
Transportation industries e.g. railway vehicles, underground wagons and trucks that 
expose to alternative atmospheric conditions have brought attention to the need for 
higher atmospheric corrosion resistance in addition to the basic requirements of 
reduced-weight and good strength-ductility balance. Weathering steels with a normal 
ferrite-pearlite microstructure are regarded as a common candidate for the applications 
which require high atmospheric corrosion resistance due to their chemical compositions 
that contain small additions of Cu, Ni, P and Cr [Kam06, Qia13, Wan13, Mor14]. 
Introduction 
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Weathering steels were widely adopted in manufacturing rolling stocks in china [Zha04, 
Che05, Li08], however, the lack of their formability and relative low strength level are 
being an issue to be investigated. Therefore, the thought was being directed to modify 
the ferrite-pearlite microstructure of the weathering steels into dual phase microstructure 
(ferrite-martensite) to achieve better mechanical and formability properties besides their 
good atmospheric corrosion resistance.  
A reasonable number of researches were conducted in the last decade to develop a dual 
phase microstructure for weathering steels. Zhang et al. [Zha04] prepared a dual phase 
microstructure for the 09CuPCrNi-weathering steel by an intercritical annealing treatment 
and studied the corresponding properties. In the same context, Allam [All10] applied the 
intercritical annealing technique on a commercially produced hot-rolled weathering steel 
aiming at studying the effect of changing the intercritical annealing temperature and the 
relevant developed martensite volume fraction on the subsequent mechanical and 
formability properties. Wang et al. [Wan14] in their study investigated the transformation 
and precipitate coarsening behavior of a cold-rolled weathering steel containing Nb and 
Ti during processing by intercritical annealing. Being the intercritical annealing technique 
costly and power consuming process, adjustment of the dual phase microstructure for 
the weathering steel through a hot-rolling process was being considered to be more 
profitable. Zhang et al. [Zha07a] developed an approach to produce weathering steel 
with dual phase structure through a hot rolling process using different additions of Mo, Ti, 
Ni and/or V. 
Virtually all the previous related studied focused on improving the mechanical and 
formability properties of weathering steels by changing their ferrite-pearlite 
microstructure into a dual phase one through either intercritical annealing or hot rolling 
processes. Moreover, on applying the hot-rolling route a quite explicit definition of the 
formed second phases and their impact on the mechanical properties is missing. 
Adjustment of the microstructure and tailor the mechanical properties by a controlled-
thermomechanical processing have not been applied to developed hot-rolled weathering 
steels with a dual phase microstructure. Furthermore, their atmospheric corrosion 
behavior has not been either characterized by a standardized test or compared to that of 
pure DP steel.  
However, in this work new alloying concepts are proposed to enhance the atmospheric 
corrosion resistance of DP steels in the as hot-rolled condition. The new alloying 
concepts contain the main alloying elements that are responsible for the improvement of 
the atmospheric corrosion behavior (Cu, Ni, P and Cr) and the alloying concept (C, Mn 
and Si) used to adjust a dual phase microstructure during processing by hot rolling. 
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Other alloying additions such as Nb and combined Nb-Mo are applied to enable to the 
microstructure adjustment by thermomechanical controlled processing practices. 
The proposed alloying concepts in the current study are aiming at development of pilot-
scale hot-rolled weathering-dual phase steels that combine good strength-ductility 
balance and enhanced atmospheric corrosion resistance. In order to accomplish this 
aim, the phase transformation behaviors and recrystallization kinetics are studied. 
Moreover, laboratory-scale thermomechanical simulation experiments are performed 
based on the real-process conditions to design the processing window and the cooling 
strategy that enable the adjustment of the targeted microstructures. The successful 
laboratory-scale processing parameters are transferred to the pilot scale to produce the 
hot-rolled sheets required for subsequent characterization. For the new developed 
weathering-dual phase steels, the microstructural features are investigated, mechanical 
properties are evaluated and corrosion behaviors in comparison to a reference-dual 
phase steel are studied by means of a standardized test specification. 
Introduction 
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2. State of the art 
 
2.1. Dual phase steels 
Dual phase (DP) steels belong to the first generation of AHSS that have been developed 
to meet the increasing needs of a great variety of applications for high strength level 
without deterioration of ductility. In addition, DP steels have been tailored to fulfil the 
requirements of automotive industry for steel grades with reduced weight and improved 
crash performance [Dav79b, Han82, Kot84, Ble09]. The main cause behind the attractive 
mechanical properties offered by such DP steels is their microstructures which combine 
two different microstructural components with different mechanical properties: namely, 
hard martensite phase in a soft ferrite matrix [Ras81, Fur84]. A wide range of mechanical 
properties could be tailored for DP steels by adjusting the volume fraction, grain size, 
morphology and distribution of their microstructural components. Normally their 
microstructures consist of a ferritic matrix with 5-30 vol.% martensite and a typical grain 
size of 5-20µm [Ble04]. It was stablished that the minimum grain size of DP steels is 
around 5 µm due to limitations on thermo-mechanical processing routes [Jia95, Pen85]. 
However, ultrafine grained (UFG) DP steels with a ferrite grain size of around 1 µm have 
been developed by adopting new processing routes in order to improve the impact 
toughness and to achieve further strengthening level [Cal10, Per10b, Cal11].  
The microstructural features of DP steels render them typical characteristics, namely: a 
continuous yielding behavior, a high strength level, a high initial work hardening rate, a 
high tensile strength–total elongation and a low yield ratio. Numerous studies [Sar96, 
Ras81, Dav79a, Sak83, Kor84, Sar84] have been conducted to explain the mechanical 
behavior of DP steels. There is a broad consensus that the microstructural changes and 
volume expansion accompanied the austenite to martensite transformation are 
responsible for continuous yielding, low proof stress, high strain hardening rate and the 
good formability of DP steels. 
State of the art 
6 
 
2.1.1. Production routes of DP steels 
DP steels could be produced through either hot-rolling or cold-rolling route. Fig. 2-1 is a 
schematic representation for both routes in view of time-temperature window and the 
associated phases and their relative amounts at different stages during processing. 
Processing of DP steels by cold rolling involves the conducting of cold rolling process on 
a ferrite/pearlite or ferrite/bainite microstructure followed by intercritical annealing 
treatment in continuous annealing or hot dip galvanizing lines.  
Processing of DP steels by hot rolling is challenging as the available time window is very 
narrow. After the hot strip is being rolled in finishing stands, it cooled immediately below 
the ferrite start temperature and hold there to enable ferrite transformation to proceed. 
Subsequently, it rapidly cooled to force the remaining austenite to transform into 
martensite. This scenario could only be realized if the phase transformation behavior 
(depending on the alloying concept) shows some essential characteristics that permit the 
desired DP microstructure to be produced as hot-rolled coiled sheets [Col78]. These 
characteristics include: an elongated ferrite transformation region to enable a large 
amount of polygonal ferrite to form over a wide cooling rate, a delayed pearlite 
transformation with a high pearlite finish temperature and formation of a gap between 
polygonal ferrite and bainite regions. Moreover, the applied cooling strategy plays an 
important role in microstructure adjustment on the run out table. 
 
Fig. 2-1: Different production routes of DP steels. The solid line represents the hot rolling route; 
however, the dashed one represents the cold rolling route [Suw13] 
State of the art 
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2.1.2. Alloying concepts of DP steels 
Generally, the role of alloying elements is to change the thermodynamic stability of 
phases and the kinetics of phase transformation, which in turn leads to a shift in 
transformation temperatures and acceleration/delay in phase transformations such as 
schematically illustrated in Fig. 2-2 [Ble09]. Additionally, the alloying elements contribute 
to increasing the strength level by solid solution strengthening or precipitation hardening 
effects.  
 
Fig. 2-2: Schematic representation to how the alloying elements could change the temperatures 
and kinetics of phase transformations (exemplary during continuous cooling of TRIP steels) 
[Ble09] 
Different alloying concepts have been utilized to adjust the DP microstructure. Virtually, 
all of the developed alloying concepts of DP steels comprise C, Si and Mn. However, 
due to the problems that can arise from high Si content during hot rolling and subsequent 
coating, P or Al sometimes in combination with Cr could be used instead. Other 
microalloying elements such as Nb, V and Ti could be utilized to control the 
microstructure and to tailor the mechanical properties.      
The prime alloying element in DP steels is C, since it increases the stability of austenite 
and facilitates the formation of martensite on rapid cooling, besides its noticeable effect 
on the final microstructure and mechanical properties. The addition of Mn in DP steels 
retards the pearlite and bainite transformations and enables the martensite 
transformation to take place. However, Mn lowers the growth rate of ferrite in austenite 
due to the fact that the manganese diffusion in austenite (which is lower than in ferrite) 
State of the art 
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controls the growth rate of ferrite at higher temperature [Sak85]. Si is a ferrite former, 
however, a high Si content promotes the formation of surface adherent oxides during hot 
rolling which resists wetting by zinc bath afterwards [Kim00]. 
It was reported that Nb micro-addition to DP steel has a pronounced effect on the grain 
refinement and the subsequent mechanical properties. Moreover, the addition of Nb 
during processing of DP steels by hot rolling makes the step cooling strategy 
unnecessary and permits the easy processing by continuous cooling strategy [Ble01]. 
The effect of Nb on hot strip processing route of DP steels is shown in Fig. 2-3. 
 
 
Fig. 2-3: Influence of Nb addition on the processing route of hot strip DP steels [Ble01] 
The technical conditions sometimes limit or need the addition of particular alloying 
elements. During quenching in zinc bath (for cold rolling route), it is essential to avoid the 
transformation of austenite to bainite, therefore, Mo is added [Moh10]. However, during 
processing by hot rolling, Mo retards the ferrite transformation [Rey90, Isa11] resulting in 
insufficient ferrite amount on the run out table. 
2.2. Thermomechanical controlled processing (TMCP) 
The TMCP can be defined as the controlled design of the entire process window (slab 
reheating temperature, deformation degrees and temperatures during finish rolling, 
cooling strategy and coiling temperature) to adjust the resulted microstructure and to 
tailor the final mechanical properties. The significance of thermomechanical controlled 
processing has been defined by Militzer [Mil14], that is “TMCP enables the production of 
as-rolled steels with final properties that are tailored to the requirements and 
specifications of a particular application. In addition, TMCP has led to the development of 
State of the art 
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new steels with highly desired combinations of properties that would have been 
impossible to achieve with more conventional processing approaches”. Siciliano and 
Jonas [Sic00] elaborated the main types of controlled rolling as: recrystallization-
controlled rolling (RCR), conventional-controlled rolling (CCR) and dynamic 
recrystallization-controlled rolling (DRCR). Fig. 2-4 shows a schematic representation of 
the microstructure evolution and the associated metallurgical phenomena considering 
the critical temperatures of the three types of controlled-rolling. During hot strip rolling, 
static recrystallization takes place between deformation passes as long as the rolling 
schedule is carried out above recrystallization stop temperature (TNR) as in case of RCR. 
In contrast, if the finishing rolling is applied below TNR strain will accumulate leading to 
either pancake of the austenite grains (as in case of CCR) or to dynamic recrystallization 
followed by metadynamic recrystallization if the accumulated strain exceeds the critical 
strain that can trigger dynamic recrystallization (as in case of DRCR).  
2.2.1. Recrystallization stop temperature 
In industrial practice, TMCP is utilized to refine the grain size aiming at achieving high 
yield strength and high ductility in low alloy steels with cost effective way. This approach 
is accomplished by controlling the grain size during slab reheating and performing a 
large amount of deformation below TNR [Ver12]. TNR is defined as the temperature below 
which static recrystallization can no longer occur between deformation passes. 
Deformation below the TNR leads to the accumulation of strain, formation of elongated 
austenite grains (pancaking) and formation of deformation bands, which increases the 
nucleation density for the austenite to ferrite transformation [Koj96, Ver07].  
The concept of TNR was originally developed for reversing mill and plate rolling which 
involve relatively longer interpass times. To ensure the implementation of the TMCP in 
such case, alloying elements such as Nb and Ti are utilized to raise the TNR. Fig. 2-5 
shows the influence of several alloying elements on the TNR. As could be recognized, Nb 
has the most pronounced effect on raising the TNR value that is why Nb has received a 
great importance in controlling the recrystallization behavior of austenite. Two different 
mechanisms have been proposed to explain the influence of Nb on retardation the static 
recrystallization and increasing the TNR value. The first mechanism is the so-called solute 
drag effect [Lüc57]: by this mechanism the solute Nb interacts with the grain boundaries 
leading to reduction in their mobility and in turn retardation of recrystallization kinetics. 
The second mechanism is precipitation pinning effect: by this mechanisms the Nb(CN) 
precipitates exert a significant pinning force on boundaries suppressing the progress of 
recrystallization. 
State of the art 
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Fig. 2-4: Schematic representation of the controlled-rolling types. a) recrystallization-controlled 
rolling, b) conventional-controlled rolling and c) dynamic recrystallization-controlled rolling [Sic00] 
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Fig. 2-5: The influence of different solute atoms on the recrystallization-stop temperature [Cud81] 
If the thermomechanical processing concept to be applied for rod or hot strip mills, the 
interpass time will be of prime importance because of two reasons [Jon98]: 1) it 
determines the extent of dynamic recrystallization in addition to the conventional effect of 
static recrystallization, 2) it also determines whether the carbonitrides precipitation 
occurs or not.  
Ranges of inter-pass times are classified by Jonas [Jon98] according to the geometry of 
the process into: short, intermediate and long interpass times such as indicated in 
Table 2-1. 
Table 2-1: The ranges of interpass times and strain rates of different rolling mills (adopted from 
[Jon98]) 
Mill Type 
Strain Rate Range 
(S-1) 
Interpass Time 
(s) 
Reversing Mills (long tip) 
(Plate, Roughing, etc.) 
1-30 8-20 
Hot Strip Mills (intermediate tip) 10-200 0.4-4 
Wire Rod Mills (short tip) 10-1000 0.01-1 
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The interpass time in reversing mill is long enough so that full recrystallization can take 
place at elevated temperatures. However, static precipitation can occur if the 
temperature is lower than the solubility limit. Therefore, at a temperature below the 
solubility limit both of recrystallization and precipitation are in competition and here the 
TNR defines the temperature above which there is no strain-induced precipitation. Under 
the conditions of rod mills, the interpass is very short for either recrystallization or 
precipitation to take place. Therefore, in such case the strain accumulates and may lead 
to occurrence of dynamic recrystallization followed by metadynamic recrystallization. For 
intermediate interpass times such as the case of hot strip mills, the interaction between 
recrystallization and precipitation is more complex than the plat and rod mills. As long as 
the strain-induced precipitation does not intervene, the rolling follows the previous case 
of rod mills i.e. the retention of work hardening takes place. Consequently, dynamic 
recrystallization will be initiated at higher accumulated strains followed by metadynamic 
recrystallization. This scenario occurs in the presence of appreciate concentrations of 
alloying elements in solution such as Cr, Mo, Ni or when the Nb(CN) precipitation is 
prevented by the use of relatively higher amount of Mn and lower Si (<0.1%)content. The 
other scenario is the occurrence of the strain-induced precipitation. In this case, the 
process follows the pancaking pattern which is typical of plate rolling. This behavior has 
been observed in the presence of high amounts of Si (>0.1%) [Jon98]. 
2.2.2.  Interaction between solute atoms, precipitates and recrystallization 
As mentioned previously, the retardation of recrystallization occurs through the solute 
drag effect of alloying elements (particularly Nb) on mobility of grain boundaries and/or 
the pinning force exerted on the grain boundaries by the formed precipitates. Irrespective 
of which mechanism is active during processing, the result is the retardation of 
recrystallization and increasing the TNR. Therefore, deeper understanding of the 
interactions between these factor is of prime importance during the designing the 
thermomechanical processing schedules. Vervynckt et al. [Ver12] have reviewed the 
interaction between recrystallization and both of the solute atoms and precipitates. The 
authors indicated that the interaction between these processes could be in the following 
forms: 1) the decrease in dislocation density during recrystallization leads to a decrease 
in nucleation sites available for precipitation, 2) the precipitate dispersions provide a 
pinning force that retard the recrystallization, 3) the solute content of the matrix strongly 
affects the mobility of the grain boundaries. In addition, the precipitation process itself 
reduces the solute drag effect as the solute content of the matrix is reduced. Therefore, 
the fine precipitates retard the recrystallization by pinning effect, however, the coarser 
ones provide the nucleation sites for recrystallization on the one hand, and on the other 
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hand remove the solute atoms form the matrix reducing the solute drag effect. A 
schematic representation for the interaction between recrystallization and precipitates as 
well as the solute atoms is given in Fig. 2-6 a and b, respectively. As could be 
recognized, the onset of precipitation leads to a shift in the recrystallization finish to a 
longer time. However, if the precipitation starts before the onset of recrystallization, both 
of the start and finish of recrystallization are shifted to longer times. Fig. 2-6 b indicates 
that the solute drag effect retards both of the start and finish of recrystallization.  
 
Fig. 2-6: Schematic representation of the interaction a) between recrystallization and precipitation 
and b) between recrystallization and solute drag [Ver12] 
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2.3. Weathering steels 
Materials performance, durability and reliability are considered key features during 
designing new materials for high efficient energy life-cycle. The Engineering Academy of 
Japan has reported that automobile, bridges and other constructions consume about 
70-85% of total energy consumption during service period [Yam98b]. Recently, 
atmospheric corrosion resistant steels (weathering steels) have been widely considered 
for the majority of structural steel products that are exposed in different atmospheric 
environments not only from the viewpoint of saving money but also energy and 
resources [Mur11]. Weathering steels normally contain P, Cr, Cu and Ni which promote 
the formation of a fine grained, compact, tightly adherent and protective layer under 
wet/dry cyclic conditions during field exposure. This layer forms as an inner layer under 
an outer coarse layer of corrosion products and has the ability to isolate the steel surface 
from the various atmospheric corrosion parameters in the surrounding environment 
leading to a substantial reduction in corrosion rate [Kim05a, Kam06, Gue06]. The 
content of alloying elements in weathering steels can be adjusted according to the 
required mechanical properties and the atmospheric conditions where they will be 
employed. A new definition was developed by Diaz et al. [Dia13] who described the 
weathering steels as “ a set of low and medium alloy structural steels with the ability to 
generate oxides that reduce atmospheric corrosion resistance to tolerable levels and 
which allow their use without the need for subsequent application of protective coating”. 
2.3.1. Corrosion products  
The oxide layer formed on weathering steel in the atmosphere consists mainly of 
different oxides, hydroxides and/or crystalline/amorphous substances [Mor14]. The 
common corrosion products are listed in Table 2-2. Misawa et al. [Mis74a, Mis74b]  
reported that those compounds could forms partially as crystalline and amorphous 
structures. The formation of these compounds and their proportions depend on the 
content of alloying elements, the exposure time and the environmental conditions and 
pollutants. In marine and industrial atmospheres the formed corrosion products are less 
protective than those formed in rural atmospheres [Mat11]. Table 2-3 summarizes the 
constituents of corrosion product formed in different atmospheres. Lepidocrocite 
(𝛾-FeOOH), goethite (𝛼-FeOOH) and magnetite (Fe3O4) are considered the major 
compounds in the corrosion products. Akaganeite (𝛽-FeOOH) may be formed in marine 
atmosphere. lepidocrocite is the first stable crystalline corrosion product that changes to 
goethite as a result of the intermittent wet/dry conditions [Mis74a, Mis74b]. According to 
Yamashita et al. [Yam98a], the mass ratio of goethite to lepidocrocite (𝛼/𝛾) formed on 
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weathering of steel increased with exposure time such as represented in Fig. 2-7 a. It 
was noted also that the corrosion rate decreased as the mass ratio of goethite to 
lepidocrocite (𝛼/𝛾) increased (see Fig. 2-7 b). Therefore, (𝛼/𝛾) ratio was considered as 
an index to the protective ability of the oxide layer. Kamimura et al. [Kam06] modified the 
protective ability index of the oxide layer to be (𝛼/𝛾∗) which represents the ratio of 
goethite to the sum of akaganeite, lepidocrocite and magnetite  
Table 2-2: Common chemical compounds found in oxide layers [Mor14] 
Type compound Formula 
Oxides 
Hematite 𝛼-Fe2O3 
Maghemite 𝛾- Fe2O3 
Magnetite Fe3O4 
Wüstite FeO 
Ferrihydrite Fe5HO8.4H2O 
Oxyhdroxides 
Goethite 𝛼-FeOOH 
Akaganeite 𝛽-FeOOH 
Lepidocrocite 𝛾-FeOOH 
Feroxyhyte 𝛿-FeOOH 
Substances 
Iron sulphate Fe(SO4)3 
Iron chloride FeCl2 
Table 2-3: Constituents of corrosion products in different atmospheres (adopted from [Mat11] 
after [Mis83] 
Atmosphere Constituents of corrosion products  
Industrial 𝛼-FeOOH, 𝛾-FeOOH > Fe3O4 ; iron sulfates, amorphous oxide  
Marine Fe3O4 > 𝛼-FeOOH > 𝛾-FeOOH; 𝛽-FeOOH, amorphous oxide 
Rural 𝛾-FeOOH, 𝛼-FeOOH, Fe3O4; amorphous 
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Fig. 2-7: The relative amounts of formed goethite and lepidocrocite as a function of exposure time 
(a), and the protective ability (b). (adopted from [Mor14] after [Yam98a]) 
2.3.2. Alloying elements and oxide layer formation mechanisms 
Copper 
Cu is the beneficial alloying element which improves the protective nature of the oxide 
layer formed on the surface of the weathering steel. Historically, Buck [Buc16] revealed 
that addition of just 0.04 wt.% Cu enhanced the atmospheric corrosion resistance of mild 
steel, and Cu addition of more than 0.25 wt.% barely led to any further improvement. The 
effect of Cu content on the thickness loss of steel exposed for 15.5 years in different 
atmospheres is shown in Fig. 2-8. Larrabee [Lar53] demonstrated that the formation of a 
highly aggressive H2S by acidification of FeS was buffered by addition of Cu leading to 
an improvement in atmospheric corrosion resistance. This was explained by the 
formation of highly insoluble copper sulfides (instead of FeS) that require very low pH to 
form H2S [Fyf70]. In this regard, Copson [Cop45] stated that addition of Cu supports the 
formation of insoluble copper sulfides which block the oxide layer pores improving the 
corrosion resistance in industrial atmosphere containing SO2. The formation of these 
copper sulfides was disputed afterwards by Horton [Hor65] ,since the Mn which is a 
basic part in any steel composition has higher  affinity to sulfur than copper.  
Suzuki et al. [Suz80] in their study of artificial oxide reported that the addition of Cu 
decreases the particle size of iron oxyhydroxides which are the main constituents of the 
oxide layer and increases its buffer capacity. Furthermore, Cu addition increases the 
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mechanical strength of the oxide layer and inhibit the formation of 𝛽-FeOOH 
(akaganeite) and Fe3O4 (magnetite) decreasing the electronic conductivity of the oxide 
layer. Stratmann and Streckel [Str90] have observed the formation of a compact oxide 
layer containing Cu which changed the kinetics of the cathodic reaction and resulted in a 
considerable retardation effect on corrosion.    
 
Fig. 2-8: Effect of Cu content on the thickness loss of steel exposed for 15.5 years in different 
atmospheres (adopted from [Mor14]) 
Phosphorus 
Addition of P to Cu-bearing steels improves the atmospheric corrosion resistance 
besides the notable effect on mechanical properties. Fig. 2-9 shows the effect of P 
content on the thickness loss of Cu-bearing steels according to the data obtained by 
Larrabee and Coburn in industrial atmospheres [Mor14]. It can be realized that the 
thickness loss decreases as the P and Cu contents increase. However, the P addition is 
limited to 0.1 wt.% due to its adverse effect on mechanical properties. 
Misawa et al. [Mis71] postulated that the oxide layer formed on weathering steel 
containing 0.13 wt.% P indicated the presence of amorphous feroxyhyte. Moreover, the 
author concluded that the oxidation of Fe(II) hydroxide leads to formation of feroxyhyte 
due to the catalytic action of the 𝑃𝑂4
−3 ions concentrated on the metallic surface of the 
weathering steel. Kihira et al. [Kih90] investigated a weathering steel containing 0.1 wt.% 
that exposed to an urban atmosphere for  19 years. The authors reported the enrichment 
of P in the intermediate oxide layer and the presence of some bands of iron phosphate 
attributing this to the conversion of phosphorus into iron phosphate during the formation 
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of the oxide layer. Furthermore, the authors observed in-situ the formation of colloidal 
particles by enhanced video-microscope during the initial corrosion stages of weathering 
steel with and without 0.1 wt.% P immersed in 0.5 m NaCl. A phosphate layer was 
observed beneath which the amorphous layer is formed explaining the role of P in 
formation of the amorphous layer and improving the atmospheric corrosion resistance. 
Other studies [Bal00b, Bal00a, Bal03] were done on an ancient iron pillar (barely 
corroded) containing an average P content of 0.25 wt.% to discover the reason behind its 
atmospheric corrosion resistance. It was attributed to the formation of a protective 
passive film containing crystalline magnetite, hematite, goethite, lepidocrocite, 
akaganeite and phosphates, and amorphous δ-FeOOH phases. XRD analysis identified 
only the crystalline iron hydrogen phosphate hydrate (FePO4·H3PO4·4H2O) and the other 
phases were identified by Fourier transform infrared (FTIR) spectroscopy as they were 
nano-sized phases. Dillmann et al. [Dil02] proposed a mechanism for the formation of 
the protective layer in the presence of P. The authors reported that the presence of 
second phase particle in the heterogeneous microstructure of such pillar increased the 
initial corrosion rate. As consequence, the concentration of P increased on the metallic 
surface and catalyzed the formation of amorphous feroxyhyte phase. On continued 
corrosion, the accumulated P led to precipitation of insoluble phosphates with very low 
porosity protecting the steel from further corrosion.  
 
Fig. 2-9: Effect of P addition on the thickness loss of Cu containing steels (adopted from [Mor14]) 
Chromium 
Yamashita et al. [Yam94a] studied the corrosion products formed on both carbon and 
weathering steels exposed in industrial atmosphere for 26 years. The authors found that 
the outer layer on weathering steel composed mainly of lepidocrocite whereas the inner 
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protective layer consisted of nano-sized Cr-enriched goethite that formed from 
lepidocrocite via amorphous ferric oxyhydroxide in long term exposure such as 
schematically represented in Fig. 2-10. These results contradict the findings of both 
Misawa et al. [Mis74a] who reported that the protective inner oxide layer consisted of a 
considerable amount of amorphous ferric oxyhydroxide and Okada et al. [Oka69] who 
concluded that the protective oxide layer composed of amorphous spinel iron oxide. In 
latter study Yamashita et al. [Yam97] established that the inner protective oxide layer 
formed on the surface of weathering steel composed mainly of Cr-substituted goethite 
(Cr-FG). In 2002 Yamashita et al. [Yam02] demonstrated that increasing the Cr content 
leads to a decrease in the crystal size of goethite which is responsible for the improved 
atmospheric corrosion resistance. Moreover, the authors studied the effect of Cr content 
on ion selectivity of the Cr-substituted goethite and reported that when the Cr-content 
exceeds approximately 3 wt.% the Cr-substituted goethite changes from anion selective 
to cation selective which prevents the penetration of corrosive anions. Kamimura and 
Stratmann [Kam01] also investigated the influence of Cr on the atmospheric corrosion 
during the wet/dry transition and observed an enrichment of Cr-containing goethite near 
steel/oxide interface. They attributed the low corrosion rate of Cr-containing steels to the 
inhibition of the oxide reduction and formation of Fe+2 states within the oxide layer which 
led to a reduced rate of oxygen reduction during drying [Yam02].     
 
Fig. 2-10: Schematic representation of the oxide layer formation progress on a weathering steel 
according to [Yam94a] 
Nickel 
The alloying elements in weathering steels assist in forming a protective oxide layer, 
enhancement of mechanical properties and improving the weldability [Mur11]. Among 
these alloying elements, nickel is being added to minimize the damage effect of Cu 
addition during hot rolling [Har82] and to enhance the corrosion resistance of weathering 
steel in chloride rich environments [Kih00]. According to Boyd [Boy74] a Ni content of 
about 1 wt.% along with 0.1 wt.% Cu are required to achieve a considerable atmospheric 
corrosion resistance in marine atmosphere. Kimura et al [Kim05b]  recently studied the 
effect of 3 wt.% Ni on the corrosion resistance of weathering steel exposed to marine 
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atmosphere for 9 years. The results of electron probe microanalysis (EPMA) manifested 
that Ni concentrated in the innermost layer whereas the chloride ions were expelled to 
the outermost layer of the corrosion products. The authors postulated that the addition of 
Ni has changed the evolution of the Fe(O,OH)6 nano-network structures of the oxide 
layer. They concluded that the presence of Fe2NiO4 alters the ion-exchange properties of 
the oxide from anion to cation selective which prevents the penetration of the chloride 
ions to the steel surface. The estimated corrosion penetration of the advanced 
weathering steel (containing 3 wt.% Ni) was lower 20 times than that of conventional 
weathering steel such as shown in Fig. 2-11. A similar conclusion was drawn also by 
Chen et al. [Che07] who tested two advanced weathering steels containing 1 and 4 wt.% 
Ni under simulated marine atmosphere.  
 
Fig. 2-11: Corrosion penetration of advanced weathering steel containing 3 wt.% Ni compared to 
conventional weathering steel exposed in marine atmosphere for 9 years [Kim05b] 
2.4. Weathering steels with DP microstructures 
Weathering steels of a normal ferrite–pearlite microstructure is regarded as a common 
candidate for the applications that require high atmospheric corrosion resistance 
because of their chemical composition which contains small additions of Cu, P, Ni, and 
Cr [Kam06, Qia13, Wan13, Mor14]. Moreover, they were widely adopted in 
manufacturing rolling stocks in China, [Zha04, Che05, Li08]; however, the lack of their 
formability was being an issue to be investigated. Therefore, weathering steels with dual-
phase microstructure that could combine a high atmospheric corrosion resistance and an 
improved strength-formability have been proposed. A reasonable number of researches 
were conducted in the last decade [Zha04, All10, Wan14, All15b] that dealt with 
imparting a dual phase microstructure to weathering steels by applying an intercritical 
annealing technique. 
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Zhang et al. [Zha04] in their study on weathering steel 09CuPCrNi indicated that the 
intercritical annealing treatment gave rise to a microstructure of an irregular distribution 
of island-shaped martensite in equi-axed ferrite. In the same context, Allam [All10] also 
applied the intercritical annealing treatments on a commercial hot-rolled weathering steel 
grade aiming at studying the effect of changing the intercritical annealing temperature on 
the developed microstructure and the subsequent mechanical and formability properties. 
The investigations revealed that intercritical annealing temperatures affected the volume 
fraction and distribution of developed martensite phase. At the highest intercritical 
temperature, the network-shaped martensite particles impaired the mechanical 
properties. However, for all intercritical temperatures the formability parameters such as; 
yield ratio, strain hardening exponent, tensile strength-total elongation product and cup 
depth have been putting a strong emphasis on the better formability, particularly for the 
specimen treated at 810 °C and contained 26 vol.% martensite. In analogous study, 
Allam et al. [All15b] investigated the corrosion behavior of the intercritical annealed 
weathering steel and concluded that the presence of martensite phase raised the 
corrosion rate of treated specimens during the first corrosion cycles; nevertheless, it 
makes the nucleation process of the protective FeOOH layer faster. Wang et al. [Wan14] 
investigated the transformation and precipitate coarsening behavior of a cold-rolled 
weathering steel containing Nb and Ti during processing by intercritical annealing. They 
postulated that austenite grain size, mean carbon content and cooling rate affected the 
ferrite start temperature and the coarsening behavior of Nb/Ti precipitates.   
Being the intercritical annealing technique costly and power consuming process, 
producing weathering steel with dual phase microstructure directly through a hot-rolling 
process was being considered to be more profitable. Zhang et al. [Zha07a] developed an 
approach to produce weathering steel with dual phase microstructure through a hot 
rolling process. Different additions of Mo were applied in conjunction with Nb, Ti or V as 
modifiers to ensure the evolution of the dual phase microstructure. In 2009, Zhang 
[Zha09] and his group have applied their approach with different hot-rolling procedures 
on Cu–P–Cr–Ni–Mo weathering steel. The results showed that the mechanical 
properties are comparable to the typical characteristics of DP steels properties. 
Moreover, the developed weathering steel with dual phase microstructure exhibited 
superior weldability and corrosion properties over the weathering steel 09CuPCrNi. 
It is noteworthy that most of previous studies focused on improving mechanical and 
formability properties of weathering steels by microstructure adjustment during 
intercritical annealing. However, a few research works dealt with hot-rolled weathering 
dual phase steels. Moreover, the alloying concepts for such developed hot-rolled 
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weathering steels are basically of weathering steel concepts. Another issue is that a 
reasonable characterization of the resulted hot-rolled microstructure (based on these 
concepts) is still missing. A quantitative determination of the individual developed phases 
is not available.     
Recently, Allam and Bleck [All15a] have developed a new alloying concept for hot-rolled 
weathering-DP steel. This new alloying concept is aiming at improving the atmospheric 
corrosion resistance of the DP steels, which is contrast to the previous developed 
concepts that aimed at improving the strength-formability balance of weathering steels. 
The authors concluded that the new alloying concept achieves a microstructure with 
71 vol.% ferrite, 2 vol.% pearlite and 27 vol.% martensite achieving average mechanical 
properties of 375 MPa for Rp0.2, 740 MPa for Rm and 14% for A50. Moreover, they stated 
that the alloying concept contains a considerable amount of substitutional elements that 
stabilize the austenite phase and exert a diffusion-drag effect retarding the ferrite 
transformation, which makes the step cooling unnecessary and enables easy processing 
by continuous cooling after hot rolling.  A comparison between this new weathering-DP 
alloying concept and the most common alloying concepts used to develop weathering 
steel with DP microstructure is given in Table 2-4.  
Table 2-4: The new developed alloying concept of [All15a] in comparison to the common alloying 
concepts of weathering steels and the applied processing techniques to develop dual phase 
microstructure  
Author- 
Reference 
Processing 
technique to 
develop DP 
microstructure 
Chemical composition, in wt.% 
C Si Mn P Cr Mo Ni Cu 
Nb / Ti 
or V 
Zhang et al. 
[Zha04] 
Intercritical 
annealing 
0.07 0.42 0.41 0.088 0.48 - 0.27 0.34 - 
Wang et al.  
[Wan14] 
Intercritical 
annealing 
0.08 -
0.11 
0.20 -
0.50 
1.20 -
1.80 
- 
0.20 -
0.60 
- 
0.10 -
0.40 
0.10 -
0.30 
0.02 - 
0.04 / 
0.02-
0.04 or - 
Allam et al. 
[All15b] 
Intercritical 
annealing 
0.062 0.40 0.43 0.098 0.46 - 0.30 0.27 - 
Zhang et al. 
[Zha07a] 
Hot rolling 0.07 ~0.50 
0.35 -
0.5 
0.06 -
0.11 
0.50 -
0.60 
0.33 -
0.42 
~0.20 ~0.25 
0.03 / 
0.04 or 
0.3 
Recently 
[All15a]  
Hot rolling 0.11 0.50 1.52 0.055 0.40 - 0.30 0.31 - 
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3. Experimental procedures  
 
This part of the thesis gives a comprehensive overview of the used experimental 
methods and outlines all the necessary measures that were taken to implement the work 
program and to realize the research goals. Fig. 3-1 schematically represents the entire 
work flow which is divided in five successive work packages as follows: 
1. Designing the chemical compositions and production of melts.   
2. Materials preparation. 
3. Laboratory-scale thermomechanical simulation experiments. 
4. Pilot-scale hot rolling processes. 
5. Characterization of the pilot hot-rolled sheets. 
A break-down of the used methods and set-ups are described in the subsequent 
sections.  
3.1. Materials 
3.1.1. Alloying concepts 
The investigated steel grades in this study are designated according to their alloying 
concepts as described in Table 3-1. The first alloying concept is a Si-DP steel concept 
(RP grade) which is utilized only for comparing the corrosion behavior. The second one 
represents the weathering steel concept (R grade). However, the third one introduces 
the weathering-DP concept (G1 grade) which comprises basically the main alloying 
elements that are responsible for improving the atmospheric corrosion resistance of 
weathering steel (P, Cr, Cu and Ni) and the alloying concept for developing a Si-DP 
steel. The fourth and fifth alloying concepts are weathering-DP steels that are alloyed 
with Nb (G2 grade) and Nb-Mo (G3 grade), respectively.  
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Fig. 3-1: Schematic representation of the work flow (TMT: thermomechanical treatment, TTS: 
thermomechanical treatment simulator and Tq: quenching temperature) 
Table 3-1: Notation of the investigated steel grades according to the corresponding alloying 
concepts 
Alloying Concept Notation 
Si-DP RP 
Weathering (W) R 
Weathering + Si-DP (W-DP1) G1 
Weathering + Si-DP + Nb (W-DP2) G2 
Weathering + Si-DP + Nb + Mo (W-DP3) G3 
3.1.2. Production of heats and chemistry 
The RP grade was obtained as pilot-scale hot-rolled sheets [Suw13]. However, the R, 
G1, G2 and G3 grades were melted in a vacuum furnace at the Steel Institute of the 
RWTH Aachen University. The melting power, the operating frequency and the 
20 x 150 x 235 mm³
Alloying Concepts:
- W
- W-DP1
- W-DP2
- W-DP3
Vacuum Melting
Dimensions 
Adjustment
Reversing 
Rolling
72 x 140 x 140 mm³
140 x 140 x 500 mm³
20 x 150 x 470 mm³
2.  Materials
Preparation
Reheating
4.  Pilot-Scale Trials
Reheating One Direction Hot-
Rolling (5 Passes)
Air Cooling to Tq
Water Bath
25 °C 
3 x 160 x 1470 mm³
3.  Lab-Scale TMT 
Dilatometric 
Measurements
5 mm x 10 mm
TMT 
Using TTS
20 x 15 x 60 mm³
Holes: 8 mm x 20 mm
- Metallography
- Tensile Testing
5.  Characterization Metallography - Tensile Properties
- Hole Expansion Ratio
- Bending Angles
1.  Alloy Design &
Production of Melts
Ingot Casting
- Corrosion Behavior
- Corrosion Products
Air 
Cooling
Quenching 
in Water 
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attainable vacuum are 100 kW, 3 kHz and 10-² mbar, respectively. The 80 kg melts were 
casted into ingots with dimensions of 140 x 140 x 500 mm³. The chemical analyses in 
wt.% for the investigated steel grades are summarized in Table 3-2. 
 Table 3-2: Chemical analyses of the investigated grades, in wt.% 
Grade C Si Mn P S Cr Mo Ni Al Cu Nb N 
RP[Suw13] 0.064 0.41 0.93 0.005 0.002 0.48 - - - - - - 
R 0.069 0.50 0.52 0.055 0.003 0.40 - 0.30 0.05 0.31 - 0.002 
G1 0.11 0.50 1.52 0.055 0.003 0.40 - 0.30 0.05 0.31 - 0.002 
G2 0.10 0.51 1.51 0.055 0.001 0.41 - 0.30 0.05 0.30 0.044 0.007 
G3 0.11 0.51 1.50 0.055 0.001 0.41 0.36 0.30 0.05 0.30 0.045 0.007 
 
3.1.3. Roughing rolling  
With the aim of homogenizing and destroying the as-cast structure the steel ingots were 
cut into small blocks with dimensions of 72 x 140 x 140 mm³ and subsequently 
roughened in reversing rolling processes. The roughing rolling was carried out using a 
reversing DUO-hot rolling mill of the Salzgitter Mannesmann Forschung (SZMF) GmbH 
in Duisburg. The maximum driving power, rolling moment and rolling force of the 340 mm 
roll-diameter mill are 90 kW, 30 kNm and 3000 kN, respectively. These technical 
specifications make it possible to run hot-rolling processes with a maximum rolling gap of 
200 mm and width of 390 mm.   
The rolling blocks were first heated up to 1200 °C in a heating furnace located directly in 
the front of the rolling stand. The initial thicknesses of 72 mm were reduced to 20 mm in 
seven reversing rolling passes with a total deformation degree of 1.28 and with a 
constant rolling speed of 28 m/min. The rolling data such as reduction per pass, strain 
rate, rolling temperature and force was recorded for each pass. The finish-rolling 
temperature was of about 1000 °C. The rolled blocks were subsequently cooled in air 
down to room temperature. Fig. 3-2 shows some documentary photos of the different 
stages during roughing rolling. 
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a)  b)  
c)  
Fig. 3-2: Documentary photos during roughing rolling a) withdrawal of the rolling stock from the 
heating furnace b) the rolling stock during an intermediate rolling pass c) the rolled blocks during 
air cooling 
3.2. Laboratory-scale thermomechanical simulation experiments 
This set of experiments is of primary importance during designing the process window 
and developing the pilot hot-rolling schedules. The planned experiments were conducted 
using the hot-deformation simulation facilities at the Steel Institute of the RWTH Aachen; 
namely the deformation dilatometer and the thermomechanical treatment simulator 
(TTS). 
3.2.1. Dilatometric measurements  
Dilatometric data was recorded using a deformation dilatometer of type Bähr DIL-805/D 
which is shown in Fig. 3-3. The specimens were inductively heated in the vacuumed 
testing chamber by a double coiled induction coil driven by a high frequency energy 
generator. Through the outer coil a water supply is conducted to control the sensible 
heat that could be generated as a result of coil resistance. The function of the inner coil 
is to circulate the cooling gas through the bores located on its inner surface. According to 
the required cooling capacity helium or argon gases were applied, and the gas pressure 
was regulated by means of different valves depending on the aimed cooling rate.  
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Fig. 3-3: Setup of deformation dilatometer (Bähr DIL-805/D) 
The dilatometric specimen could be mounted in test chamber in two different modes 
such as explained in Fig. 3-4. In the deformation mode the specimens were deformed 
between two deformation stamps. One of them acts as a holder to fix the tested 
specimen in its position during the deformation and the movable stamps transmits the 
force into the specimen. The change in length, in this case, was measured by means of 
two driving rods system, which records simultaneously the difference in specimen 
position during the movement of the deformation stamp. During dilatometric 
measurements without applying deformation, the specimens were clamped only between 
the two measuring rods such as shown in Fig. 3-4 b. Due to the reduced contact area 
between the specimen and the holder a better temperature distribution could be 
achieved inside the specimen in this case.  
 
Fig. 3-4: Mounting of the specimen: a) with deformation mode and b) without deformation mode 
The used dilatometric specimens were manufactured from the roughened plates of 
20 mm thickness in such a way that the sampling direction was perpendicular to the 
rolling direction according to the steel test specification SEP 1681 [SEP98]. The standard 
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sampling direction and the specimen geometry are described in Fig. 3-5. The specimen 
is designed to have on its plan-parallel ends two lubricating pockets, which to be filled 
with glass powder to reduce the friction effect between the specimen and deformation 
stamp in case of deformation mode. Additionally, two small molybdenum discs were 
attached on both ends of the specimen before it to be mounted in the dilatometer 
chamber to ensure a good temperature distribution and a homogeneous force 
application inside the specimen. It is essential that these discs to have sufficient heat 
resistance without transformation in the relevant temperature range. For the purpose of 
measuring and controlling temperature two sheathed K-type thermocouples of 0.1 mm 
diameter were spot welded to a central position on the specimen surface. 
Constancy of temperature and homogeneity of deformation inside the specimen during 
measurements are very important for a reliable data acquisition. A large temperature 
gradient due to inadequate temperature equalization or buckling of the specimen due to 
lack of lubrications can adulterate the dilatation data and the whole transformation 
behavior. Moreover, the friction between the specimen and the deformation stamps must 
kept as minimum as possible to achieve a uniform distribution of change in length over 
the total volume of the specimen. This in turn, ensures the occurrence of the phase 
transformation in the whole volume of the specimen at the same time. 
 
Fig. 3-5: a) Sampling direction of a dilatometric specimen and b) specimen geometry 
Different thermal schedules (with and without deformation) were carried out on the 
investigated steel grades at different stages throughout the current work. The 
corresponding recorded dilatometric data was utilized for studying phase transformation 
behavior, determination of critical temperatures, adjustment of microstructure and design 
the process window as will be explained in details in Chapter 4 and 5. The analyses of 
dilatation curves were also used as primary information to set the thermomechanical 
treatment schedules that were later conducted on the thermomechanical simulator. 
a) b)
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3.2.2. Thermomechanical treatment simulation using TTS 
TTS enables the simulation of hot-deformation processes on small-scale by applying 
controlled thermal cycles. Generally, the current available measuring setups of the TTS 
are; TTS820 for flat compression tests, TTS820R for torsion tests and TTS820C for 
cylinder compression tests. The state of stresses (plane strain conditions) generated 
during treatment with TTS820 reflects to a great extent the stress state during hot rolling 
processes. Therefore, the processing parameters could be tested before being 
transferred to the pilot hot rolling plant. 
Since a relatively large specimen can be thermomechanical treated using TTS, 
secondary specimens (e.g. tensile or impact) could be manufactured from the deformed 
block and the corresponding mechanical properties could be evaluated. This makes it 
possible to predict the probable mechanical properties in conjunction with the applied 
processing parameters and the developed microstructures at laboratory scale. 
3.2.2.1. Description of equipment  
For the purpose of simulating and subsequent designing of hot-rolling schedules the 
“Bähr TTS820” setup was utilized (Fig. 3-6). The technical specifications of the flat 
compression setup TTS820 are listed in Table 3-3. 
a)  b)  
Fig. 3-6: Thermomechanical simulator TTS820 at the IEHK a) flat compression setup and b) 
installing the specimen in the test chamber 
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Table 3-3: Technical specifications of the flat compression setupTTS820 
Temperature range, °C RT- 1500  
Max. heating rate*, K/s 100  
Max. cooling rate*, K/s 50  
Heating Induction coil 
Heating medium Argon, Helium 
Max. deformation degree* (φ) 2 
Max. strain rate (?̇?), s-1 100  
Max. deformation force, kN 200  
Deformation steps unlimited 
Min. time between deformation steps, s 0.05  
* These parameters are dependent on specimen geometry 
The shape and dimensions of the used specimens are schematically represented as a 
part of Fig. 3-1. The specimens were machined from the 20 mm roughed-rolled plates in 
such a way that the specimen axis is parallel to rolling direction and perpendicular to the 
deformation direction during thermomechanical treatment using TTS. Heating up the 
specimens was carried out by means of internally-cooled inductive coil. Deformation 
steps were performed by means of two deformation stamps of tungsten carbide. These 
stamps stay out of the induction coil during heating to avoid the increase in heat 
performance due to excessive heating of the stamps. On deformation, the left stamp was 
driven until it reached the specimens surface; however, the right stamp provided the 
defined degree of deformation. On every deformation step this scenario is to be 
repeated. The specimen is fixed in its position by means of clamping devices after each 
deformation step. Cooling of the specimens can be done either by switch off/decreasing 
the heating power or by applying cooling gas through cooling-gas nozzles. In case of 
switching off/decreasing the heating power, the cooling takes place by discharging the 
heat by the chamber atmosphere and cannot be controlled. However, the symmetrically 
located four gas-cooling nozzles (two on each side) provide a controlled 
linear/exponential cooling using the argon or helium gases. The temperature control of 
the specimens takes place by means of a K-type controlling thermocouple spot-welded 
on a central position of the specimen surface.  
3.3. Pilot-scale hot rolling processes 
The pilot scale hot rolling processes for the investigated steel grades were conducted at 
the hot rolling facility of the Salzgitter Mannesmann Forschung (SZMF) GmbH in 
Duisburg. The technical specifications of the reversing rolling stand were described in 
the roughing rolling section (3.1.3). The hot-rolling parameters were designed on 
laboratory scale before being transferred to the pilot scale (explained in Chapter 5). 
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Fig. 3-7 schematically illustrates the different stages during pilot hot rolling processes. 
The roughened hot-rolled plates with dimensions of (20 x 150 x 235 mm³) were the 
starting materials. Initially, the plates were successively placed with 10 min time intervals 
in the furnace and reheated to the corresponding pre-defined reheating temperatures 
according to the developed rolling schedules as will be explained in Chapter 5. After the 
reheating stage had been over, the plates were transported to the roller table (before the 
stand) and mechanically descaled. Afterwards, the plates were rolled from the initial 
thickness of 20 mm down to the final thickness of 3 mm in five successive passes 
maintaining the same rolling direction. The deformation degree per each pass was 
adjusted and fed manually to the rolling machine. After every rolling pass, the rolled 
plates were transported to the input side over the upper roll (as depicted in Fig. 3-8) in 
order to keep a uniform rolling temperature and a constant interpass time along the 
rolled plates as possible. By each pass the rolling temperatures before and after the 
rolling stand were adjusted by means of fixed pyrometers over the corresponding roller 
table. All rolling data such as amount of strain, strain rate, rolling temperature and force 
was recorded for each pass. After the last rolling pass had been conducted, the rolled 
sheets were transported to the run out table by means of an extendable roller table 
behind the rolling stand. The sheets were air cooled from the finishing rolling 
temperatures to the quenching/room temperatures according to the developed cooling 
strategies. The temperature drop during air cooling on the run out table was traced using 
a hand pyrometer. As soon as the targeted quenching temperatures were reached, the 
sheets were immersed and stirred in a water bath of 25 °C. The temperature of the water 
bath was measured before each quenching process to ensure similar cooling capacity 
for all sheets.   
 
Fig. 3-7: Schematic representation of different stages during the pilot-hot rolling processes (Tq: 
quenching temperature) 
20 x 150 x 235 mm³
One Direction Hot-Rolling 
Process (5 Passes)
Air Cooling Down to Tq
Water Bath
25 °C 
3 x 160 x 1470 mm³
Pyrometer 
1
Pyrometer 
2
Hand 
Pyrometer 
Reheating Quenching
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Fig. 3-8: Schematic explanation to how the rolled plates were handled after every rolling pass 
3.4. Metallography  
3.4.1. Quantitative analysis 
Specimens used for metallographic examination were mounted and subsequently 
prepared by standard mechanical grinding and polishing methods followed by etching in 
3% Nital. In some cases multiphase etching solutions were applied for better 
distinguishing among different phases. Light optical microscopy (LOM) was carried out at 
the Steel Institute of the RWTH Aachen University to investigate the developed 
microstructure of samples treated through different routes (dilatometer treated, TTS 
treated and hot-rolled). The quantitative analysis of the microstructure constituents was 
conducted by means of Olympus Soft Imaging Solution (OSIS) software. The 
microstructural investigations for all treated specimens were performed on normal-
longitudinal sections. 
3.4.2. Grain size measurements 
Determination of the austenite grain size at different austenitization temperatures as well 
as after treatment by different deformation schedules was carried out by quenching and 
special etching technique. Quenching process involves keeping the prior austenite grain 
size either at austenitization or after a specific thermomechanical schedule. Etching 
solution of 4% picric acid was applied in order to reveal the grain boundaries. The 
etching process lasted between 60-120 s. The specimens were sometimes double 
etched for better identification of the grain boundaries. 
And so on 
Input side
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3.4.3. Scanning electron microscopy (SEM) 
The developed microstructures were investigated by scanning electron microscopy 
(SEM) for further details about the microstructural features. The used apparatus is of 
model ∑ IGMA fabricated by the Carl Zeiss Microscopy and operated at an accelerating 
voltage of 20 ekV.  
3.4.4. Wavelength dispersive X-ray (WDX) 
Microstructural banding was investigated by analyzing the distribution of alloying 
elements over a microstructural banded TTS-specimen using line scan technique. For 
this purpose, an Electron Probe Micro-Analyzer (EPMA) of model JXA-8530F fabricated 
by JOEL at the Center Facility for Electron Microscopy (GFE) of the RWTH Aachen 
University was used. EPMA is a combination of a scanning electron microscope (SEM) 
with several wavelength dispersive x-ray spectrometers (WDX). Mass percentages of C, 
Si, Cr and Mn were determined over a 100 µm length line with a measuring distance of 
0.2 µm. 
3.5. Evaluation of mechanical properties 
3.5.1. Tensile testing 
By means of tensile testing different mechanical characteristic values such as yield and 
tensile strength, yield ratio, total and uniform elongation and strain hardening exponent 
were evaluated for both of the hot-rolled sheets and the thermomechanical treated 
blocks. Flat tensile specimens of form (H: 12.5 x 50) were machined from the pilot hot-
rolled sheets in both longitudinal and transverse directions. The average mechanical 
characteristic values were evaluated from six specimens in each testing direction. 
However, mini-flat tensile specimens of form (E: 1 x 2 x 8) were machined from the 
thermomechanical treated blocks. The shape and dimensions of each form are illustrated 
in Fig. 3-9. All of the tensile specimens were machined and tested according to 
DIN 50125 [DIN09].  
Tensile tests were carried out with the universal tensile machine Zwick-Z100 at ambient 
temperature with cross-head speed of 1 mm/min. Elongation was measured by optical 
measuring system which detected the length by two measuring sticks that drifted apart 
during testing. The specimens that broke outside the gauge length were not included in 
the results. 
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Fig. 3-9:Shape and dimensions of tensile specimens. a) dimensions according to processing 
conditions, b) top and side view for the position where the mini-flat specimens were machined 
from the thermomechanical treated blocks (TM: Thermomechanical) 
3.5.2. Hardness mapping 
The specimens for hardness mapping were mounted and their surfaces were prepared 
by standard grinding and polishing methods. The hardness values over an area of 
3 x 10 mm² were measured using a Vickers diamond indenter. The hardness distribution 
was determined aiming at correlating the hole expansion ratios of different grades to 
their microstructures. The tests were performed by applying a test load of 1 kg and a 
step size of 0.3 mm.  
3.5.3. Hole expansion tests 
The edge cracking resistance of the produced hot-rolled sheets was characterized by 
means of hole expansion tests according to the ISO 16630 [ISO09] test specification. 
The tests were carried out using a universal sheet testing machine of type Erichsen 142-
40. Square shape specimens with dimensions of (110 x 110 mm²) were prepared from 
the hot-rolled sheets. The hole expansion procedures consist of two successive 
operations; namely, hole piercing and hole expanding such as illustrated in Fig. 3-10. All 
the prepared square shape specimens are firstly pierced with a 10 mm cutting punch at a 
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cutting speed of 40 mm/s. The cutting punch was properly aligned to the sample to avoid 
uneven cut edges that may lead to stress concentration and consequently to crack 
concentration area. The pierced holes were expanded afterwards using a conical punch 
with tip angle of 60°. The hole expansion operation was performed in the same piercing 
direction with a forming speed of 15 mm/min, and with it a blank holder force of 200 kN 
was applied to prevent the specimens to be drawn during the test. The initiation of an 
edge crack was observed by means of a video camera and the punch was stopped 
manually immediately as the crack extended through the whole thickness of the test 
specimen. The punch stroke vs. force was recorded and the limiting hole expansion ratio 
was determined. 
 
Fig. 3-10: Schematic representation of hole expansion procedures. a) hole piercing and b) hole 
expanding 
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3.5.3.1. Calculation of hole expansion ratio  
The edge cracking resistance of the produced hot-rolled sheets was evaluated by 
determining the limiting hole expansion ratio (𝜆) according to Equation 3-1. The inner 
diameter of the expanded hole after cracking (𝐷ℎ) was physically measured in two 
perpendicular directions excluding the crack region. Fig. 3-11 points out the moment in 
which an edge crack expanded through the thickness of the test specimen. The limiting 
hole expansion ratio (𝜆) of each grade was calculated depending on 3 valid tests. 
Equation 3-1: Hole expansion ratio (after [ISO09]) 
𝜆 (%) =  
𝐷ℎ − 𝐷0
𝐷0
 𝑥 100 
Where: 
𝜆:  is the limiting hole expansion ratio 
𝐷0: is the original hole diameter 
𝐷ℎ: is the average hole diameter after cracking 
 
Fig. 3-11: Photograph indicating the propagation of an edge crack during the hole expansion test 
3.5.4. Plate bending tests 
Plate bending tests were performed on the hot-rolled sheets according to the DIN EN 
ISO 7438 [DIN05] test specification. It is a three-point bending test (see Fig. 3-12) that 
characterizes the forming behavior and susceptibility to failure for metallic materials 
under bending-deformation conditions.  
 The tests were conducted on sheet specimens with dimensions of (2 x 20 x 65 mm³) in 
such a way that the bending line and rolling direction are oriented normal to each other. 
The thickness of the specimens were firstly reduced by milling down to 2 mm in order to 
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avoid the exceeding the machine limiting force (10 kN). Moreover, edges of the 
specimens were grinded to prevent crack initiating from the edges.  
 
Fig. 3-12: Schematic representation of the three points bending test (after [DIN05]) 
The setup used to carry out the bending tests is illustrated in Fig. 3-13. The test 
specimen was positioned on the supporting pivoted rollers with diameter of 16 mm and 
bent between them without lubricants. The bending force was applied with a velocity of 
5 mm/min using a punch of 0.5 mm radius. During the tests, development of the cracks 
was monitored by means of video camera, and the punch stroke vs. bending force was 
recorded. The test proceeded with the same velocity until the bending force exceeded its 
maximum and manually stopped after the bending force started to decrease. The 
recorded data was analyzed and the first appearance of the crack was identified from the 
corresponding photos.  
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Fig. 3-13: The used plate bending setup 
3.5.4.1. Calculation of bending angle 
After the specimens being tested in the bending device the corresponding bending 
angels were calculated depending on the punch stroke using Equation 3-2. All the 
applied variables to calculate the bending angle are explained on Fig. 3-14.The bending 
angle was calculated at three successive situations namely, at the first appearance of 
the crack, at the maximum bending force and after a drop in force with 60 N. The results 
are based on at least 8 valid tests. By applying this method the measured bending 
angels represent both the plastic and elastic portions of the deformation. Photograph in 
Fig. 3-15 shows the formed crack after a drop in the maximum bending force with 60 N 
during a bending test of one of the specimens.   
Equation 3-2: Bending angle (𝛼) [DIN05] 
sin
𝛼
2
=  
𝑝 ∗  𝑐 + 𝑊 ∗ (𝑓 − 𝑐) 
𝑝2 + (𝑓 − 𝑐)2
  
Where: 
𝑊 =  √𝑝2 + (𝑓 − 𝑐)2 − 𝑐2 
𝑐 =  
𝜑
2
+ 𝑎 +
𝐷
2
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Fig. 3-14: Calculation of the bending angle [DIN05] 
 
Fig. 3-15: Photograph depicted the developed crack after a drop in maximum bending force with 
60N. 
3.6. Cyclic atmospheric corrosion testing 
Corrosion behavior was investigated by means of cyclic atmospheric corrosion test. For 
the purpose of comparison, a reference hot-rolled DP steel grade (internally designated 
as RP grade) was used. The RP grade was produced by a hot rolling process in four 
deformation passes followed by laminar cooling and holding on run out table till the 
required ferrite was formed. Afterwards, the rolled sheets were quenched in water bath 
[Suw13]. The specimens of RP grade were prepared and treated similar to the other 
investigated grades.  
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Different procedures were carried out to evaluate the overall corrosion behavior. The 
average thickness loss due to corrosion damage for different testing periods was 
calculated based on the calculations of the mass loss per unit area. The atmospheric 
corrosion resistance was estimated based on both the corresponding chemical 
composition and the regression analysis of cyclic atmospheric corrosion testing data. 
Moreover, the distribution of the alloying elements between the oxide and base metal 
was analyzed and the corrosion products were quantitatively identified. 
3.6.1. Specimens preparation 
A series of preparation processes were performed on the hot-rolled sheets to prepare 
the required specimens for corrosion testing. These can be listed as follows:   
1- Sand blasting: to remove the red scale formed after hot rolling. 
2- Manufacturing of the specimens: two different forms were machined (17x50 mm² 
for characterization of corrosion products  – 100x150 mm² for mass loss 
measurements) 
3- Milling the specimens’ surface: to reduce the surface roughness originated from 
the working rolls roughness during the pilot hot-rolling processes. 
4- Grinding: firstly with 120-grit abrasive paper and subsequently with 240, 320 and 
500-grit papers.  
5- Coding: all the specimens were coded with numbers on their back so that could 
be distinguished from one another after being corroded.  
6- Degreasing: to remove any dirt from the specimens’ surface (cleaning was 
carried out in ultrasonic bath using alcohol. 
7- Records of weight and dimensions: for subsequent mass loss measurements.    
3.6.2. Test chamber 
Ascott cyclic corrosion test chamber of model size 450 liter (shown in Fig. 3-16) was 
utilized to carry out the atmospheric corrosion test procedures. This chamber allows a 
continuous programming of temperature, relative humidity and salt spray, which could 
generate reproducible corrosion patterns reflecting the real-life conditions and could 
correlate well with nature weathering tests results.  
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Fig. 3-16: Ascott cyclic corrosion test chamber of model size 450 liter. The specimens to be tested 
in this study are circled 
3.6.3. Test conditions and procedures 
The applied parameters of the cyclic atmospheric corrosion test were designed 
according to VDA 233-102 [VDA13] test specification which provides accelerated test 
procedures for corrosion behavior assessment. The specimens were mounted on the 
racks and positioned in the test chamber at an angle of 65-75° to the horizontal keeping 
the side to be tested uppermost. The test was conducted for total test duration of 
12 weeks. The established removal schedule was set so that the specimens were 
removed after 1, 2, 4, 8 and 12 weeks. Triplicate specimens were used for each testing 
period to ensure the reliability of the test results. The total number of required test 
specimens was determined on the basis of the planned removal schedule. A full test 
cycle lasted one week and involved three different 24h sub-cycles (A, B and C). The full 
test cycle follows the sequence B-A-C-A-B-B-A, and Fig. 3-17 represents how each 
individual cycle proceeds considering the changes in temperature and relative humidity 
that generate the wet/dry cyclic conditions.  
A full test cycle started always with the sub-cycle B. The placement and removal of the 
specimens as well as the periodic observation were performed over the 3h-evaluation 
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period of the sub-cycle B. Additional monitoring of test progress was also possible during 
the other two sub-cycles B of each full cycle.  
A 3h-salt spraying phase (included in the sub-cycle A) was conducted for 3 times per 
each full test cycle. The salt spraying was performed with a sodium chloride solution 
(1 wt.% in a distilled water) at spraying rate of 25 ml/min. The test solution with a relative 
density of 1.005 ±0.0005 g/cm3 and pH value of 6.5-7.2 was prepared at room 
temperature according to DIN EN ISO 9227 [DIN12].  
The freezing phase (sub-cycle C) was performed once per each full test cycle and lasted 
for 5h. In this phase the temperature was decreased down to -15 °C without control of 
relative humidity. 
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Fig. 3-17: The applied corrosion test cycles a) cycle A with 3 h salt spray phase and without 
freezing phase, b) cycle B contains 3 h assessment phase and without salt spray and freezing 
phases and c) cycle C with 5 h freezing phase (after [VDA13]) 
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3.6.4. Specimens handling after testing 
After the specimens had been removed from the test chamber according to the planned 
removal schedule, the deposits of the test solution were washed with water and dried 
carefully with pressured stream air. The specimens for characterization of corrosion 
products were kept in a desiccator. However, the other specimens were cleaned for 
measuring the mass loss. The cleaning process was started with mechanical removal of 
the bulky weak-adherent corrosion products using a soft brush under running water. 
Afterwards, the specimens were chemically cleaned by immersion in the cleaning 
solution (1000 ml HCl with density of 1.19 g/cm³ + 20 g Sb2O3 + 50 g SnCl2) for about 
25 min according to ASTM G1 [AST03]. The specimens were intermittently removed 
from the cleaning solution for light mechanical brushing to facilitate the removal of the 
tightly adherent corrosion products. The immersion process was repeated several times 
until the corrosion products were removed. Finally, the specimen were ultrasonically 
treated in alcohol and dried for the subsequent mass loss measurements. 
3.6.5. Calculation of mass and thickness losses  
The ideal cleaning process for corroded specimens is that removes the corrosion 
products without attacking the base metal. For reliable mass loss measurements, the 
mass loss due to the cleaning process itself must be separated from that resulted by 
corrosion testing. According to DIN EN ISO 8407 [DIN14], the mass after each cleaning 
cycle should be determined and graphed vs. the number of cleaning cycles such as 
shown in Fig. 3-18. In the best case two lines could be identified. The line AB describes 
the removal of the corrosion products and is not always visible. The line BC describes 
the mass removal from the base metal after the corrosion products are already removed. 
The point D represents the mass of the substrate without being attacked. The mass after 
removing the corrosion products is located between the points D and B. Accordingly, the 
mass loss could be calculated by subtracting the determined mass after cleaning from 
the original one.  
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Fig. 3-18: Determining the mass of corroded specimens after cleaning processes excluding the 
removed mass from the base metal. [DIN14]  
The average loss in thickness was calculated by means of Equation 3-3 based on the 
calculated mass loss per unit area and density. The density of each steel was calculated 
according to Equation 3-4 developed by Bohnenkamp and Sandström [Boh00]. 
Equation 3-3: 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑙𝑜𝑠𝑠 (µ𝑚) =  
𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 (
𝑚𝑔
𝑐𝑚2
)
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑔
𝑐𝑚3
)
/10 
Equation 3-4: 
𝐷𝑒𝑛𝑠𝑖𝑡𝑦
=
1
(1.27 𝐹𝑒 + 1.38 𝐶 + 1.524 𝑀𝑛 + 2.381 𝑆𝑖 + 1.384 𝐶𝑟 + 0.8477 𝐶𝑢 + 1.076 𝑀𝑜 + 1.37 𝑁𝑖 + 2.012 𝑉 + 4.046 𝑆). 10−6
 
 
3.6.6. Estimation of atmospheric corrosion resistance  
Referring to ASTM G 101 [AST04b] standard guide for estimating the atmospheric 
corrosion resistance of low alloy steels, two methods could be applied to estimate the 
atmospheric corrosion resistance of weathering steels: 
 Predictive method based on chemical composition 
 Linear regression extrapolation method based on mass loss 
The predictive method based on chemical composition:  
This method provides the possibility of predicting the relative atmospheric corrosion 
resistance of a steel grade according to its chemical composition by means of the so-
called atmospheric corrosion resistance index (ACRI). The higher this index, the more 
atmospheric corrosion resistance has the steel. This approach was established in ASTM 
G101 guide based on the atmospheric corrosion data of low-alloy steels collected by 
M
a
s
s
Number of cleaning cycles
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Larrabee and Coburn [Lar61] after 15.5 years of exposure in different atmospheres. The 
advantage of such approach is that it is simple to apply, and it is suitable when the 
alloying elements are limited to Cu, Ni, Cr, Si and P, and in amounts within the range of 
the original data listed in Table 3-4. 
Table 3-4: The limits of the alloying elements to apply the ACRI 
Elements Max. Cu Max. Ni Max. Cr Max. Si Max. P 
Wt.% 0.51 1.1 1.3 0.64 0.12 
The ACRI can be calculated as given below in Equation 3-5:  
Equation 3-5: Atmospheric corrosion resistance index [AST04b] 
(𝐴𝐶𝑅𝐼) =  26.01 (%𝐶𝑢) + 3.88 (%𝑁𝑖) + 1.20 (%𝐶𝑟) + 1.49 (%𝑆𝑖) + 17.28 (%𝑃) −
                     7.29 (%𝐶𝑢)(%𝑁𝑖) − 9.10 (𝑁𝑖)(%𝑃) − 33.39(%𝐶𝑢)2    
The linear regression extrapolation method: 
Based on short-term atmospheric corrosion data a prediction of long-term corrosion 
losses could be made by applying a linear regression extrapolation method which 
represents the extrapolation of logarithmic plots of corrosion losses vs. time as a straight 
lines described by Equation 3-6. 
Equation 3-6: The bilogarithmic equation for describing the atmospheric corrosion losses 
[AST04b] 
log 𝐶 = log 𝐴 + 𝐵 log 𝑡  
Where: 
C  is the mass loss per unit area, or the calculated thickness loss or penetration 
based on mass loss, 
A  is the mass loss at (t = unity) and expresses the initial corrosion resistance, 
B  is a constant which expresses the change in mass loss with time and can be 
calculated from least square method according to ASTM G16 [AST04a] standard, 
and 
t  is the time. 
According to ASTM G 16 standard, B and A values can be calculated using least square 
method as follows: 
Equation 3-7: Calculation of the constants B and A [AST04b] 
𝐵 =
𝑛 ∑  [(𝑙𝑜𝑔 𝐶) (𝑙𝑜𝑔 𝑡)]  − ( ∑ 𝑙𝑜𝑔 𝑡 )( ∑ 𝑙𝑜𝑔 𝐶)
𝑛 ∑  (𝑙𝑜𝑔 𝑡 )2  − ( ∑ 𝑙𝑜𝑔 𝑡 )2
, log 𝐴 =  
1
𝑛
(∑ log 𝐶 − 𝐵 ∑ log 𝑡 ) 
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Once the constants A and B are determined, corrosion losses at any given time and also 
the time to given corrosion losses can be calculated easily. Three data points are 
required at least to construct such bilogarithmic plot. 
The previous bilogarithmic relation (Equation 3-6) can be reformulated in the following 
form: 
Equation 3-8: 
𝐶 = 𝐴 𝑡𝐵 
Corrosion rate (R) at any given time could be deduced by differentiation of Equation 3-9 
with respect to time. 
Equation 3-9: 
𝑅 = 𝐴𝐵 𝑡(𝐵 − 1) 
3.6.7. Characterization of corrosion products 
The shape and morphology of the corrosion products were determined by means of 
SEM. The cross sections of corroded specimens were prepared by the standard grinding 
and polishing methods. Micrographs at different magnifications were recorded to identify 
the nature (thickness, compactness and presence of defects) of the corroded specimens.    
The distribution of different alloying elements between the base metal and the formed 
oxide layer was analyzed by applying elemental mapping technique using SEM equipped 
with Energy dispersive X-ray spectroscopy (EDS) of the Steel Institute of the RWTH 
Aachen University. The elemental mapping was carried out on micrographs recorded at 
a magnification of 1000X applying five successive mapping frames.  
The phases constituting the corrosion products were determined utilizing the X-ray 
Diffraction (XRD) technique. The measurements were carried out using a STADI MP 
Diffractometer of the company Stoe & Cie at the Institute of Inorganic Chemistry of the 
RWTH Aachen University. A Mo anode was used as a radiation source under the 
condition of 55 kV and 35 mA producing Mo-𝐾𝛼1 radiations with wavelength of 
0.70930 Å. A Microstrip X-Ray detector of model Mythen-1K with a resolution of 0.15° 
based on the applied 2𝜃 fabricated by Dectris was used. The measurement for the range 
3° ≤ 2θ ≤ 53° lasted for about 1h. The quantitative determination of the oxide 
constituents was done based on the relative diffraction intensities of the present phases.  
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4. Thermomechanical simulation experiments  
 
4.1. Scope and objectives 
After the steel grades had been ingot casted and rolled down in plates of 20 mm 
thickness, they were investigated by means of laboratory thermomechanical simulation 
experiments. The main goals of these experiments were: 
 Studying the phase transformation behaviors. 
 Determining the critical temperatures. 
 Investigating the static recrystallization kinetics of the Nb-alloyed weathering-DP 
grade. 
 Predicting the mechanical properties by manufacturing secondary tensile 
specimens from the thermomechanical treated blocks.  
These goals were achieved by conducting: 
 Dilatometric measurements assisted with microstructure investigations. 
 Multi-pass deformation tests. 
 Relaxation tests. 
 Thermomechanical treatment using TTS.  
4.2. Applied thermal cycles 
4.2.1. Determination of TNR  
Recrystallization stop temperature is of a great importance during thermomechanical 
rolling of microalloyed steels.  A multi-pass compression test was developed in order to 
determine the TNR and investigate its dependence on the austenitization temperature (TA) 
and the interpass time. Since the maximum applicable deformation degree on the 
deformation dilatometer is 1.2, the multi-pass test was designed to comprise 6 identical 
and successive deformation steps with the same deformation degree of 0.2 and strain 
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rate of 5s-1. The specimens were inductively heated up under vacuum with relatively slow 
heating rate (Ṫh) of 3.3 K/s to a predefined TA of 1150, 1200 and 1250 °C and held for 
300s. The inter-pass time (tip) was set to be the sum of the amount of time required to 
cool the specimen down to the next deformation temperature and the holding time (th) 
before each deformation step. Cooling with 2, 5, and 25 K/s and holding with th of 2s 
were designed to correspondingly achieve tip of 27, 12 and 4s, respectively. First 
deformation pass was conducted at 1100 °C and the last one at 850 °C with temperature 
decrease of 50°C from pass to pass. All specimens were rapidly cooled down by helium 
immediately after the last deformation step. The used thermal cycle is indicated in 
Fig. 4-1.This type of experiments was performed on the G2 and G3 grades using the 
deformation dilatometer, since the R and G1 grades do not contain microalloying 
elements that may affect the static recrystallization and TNR. 
 
Fig. 4-1: Thermal cycle for the multi-pass compression test developed to determine TNR 
4.2.2. Determination of Ac1 and Ac3 
The critical temperatures Ac1 and Ac3 were determined for all of the investigated steel 
grades. The specimens were heated up under vacuum at a very slow heating rate of 
0.05 K/s. With the help of dilation-temperature curves the change in length was 
determined during the formation of austenite. Accordingly, the temperatures at which the 
transformation started and completed were defined. Table 4-1 indicates the critical 
determined temperatures.  
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Table 4-1: The critical temperatures determined for the investigated steel grades 
Steel grade R G1 G2 G3 
Ac1 (°C) 745 725 717 714 
Ac3 (°C) 930 888 903 926 
4.2.3. CCT and D-CCT diagrams for weathering and weathering-DP grades  
Dilatometric data was recorded to develop both of CCT and D-CCT diagrams for 
weathering and weathering-DP grades (R and G1, respectively) according to the thermal 
cycles illustrated in Fig. 4-2. The corresponding processing parameters are listed in 
Table 4-2.  
The specimens were heated up under vacuum  to the austenitization temperatures that 
were set  to be about Ac3+50 °C according the SEP 1680 [SEP90] The specimens were 
linearly cooled between deformation steps. Before each deformation step a holing time 
of 3s was applied to ensure the uniformity of the deformation temperature. The last 
deformation temperature was set to be about 50 °C above the average expected Ar3. 
After the specimens being deformed at the last step, they were exponentially cooled 
down with different t8/5 using either argon or helium depending on the aimed cooling rate. 
 
Fig. 4-2: Thermal cycles applied during recording a) CCT and b) D-CCT diagrams for R and G1 
grades 
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Table 4-2: Processing parameters corresponding to the applied thermal cycles during recording 
CCT and D-CCT diagrams for R and G1 grades 
Parameters Reheating Austenitization 
For recording D-CCT 
t8/5 Pass 
No. 1 
Pass  
No. 2 
Pass 
 No. 3 
Heating/Cooling rate, (Ṫ) K/s 3.3 - 5 5 5 - 
Temperature, (T) °C  [R/G1] - 1000/950 960/910 920/870 880/830 - 
Time, (t) s - 300 3 3 3 1:1500 
Strain, (𝜑) - - 0.5 0.3 0.2 - 
Strain rate, (?̇?) s
-1 - - 10 10 10 - 
4.2.4. D-CCT diagrams for Nb and Nb-Mo alloyed weathering-DP grades  
D-CCT diagrams for Nb and Nb-Mo-alloyed weathering-DP grades (G2 and G3, 
respectively) were established in order to approach the most likely phase 
transformations during the laboratory-scale thermomechanical simulation experiments 
and the subsequent hot rolling trials. The applied thermal cycle illustrated in Fig. 4-3 
represents the applicable set of parameters during the real process-based simulation 
experiments. The first two deformation steps simulate the most probable outcome due to 
deformation above TNR in terms of grain size and amount of retained strain (will 
explained in Chapter 5). 
The specimens were treated in the same way described previously during recording the 
dilatometric data to develop the D-CCT diagrams for the R and G1 grades. The applied 
parameters are listed in Table 4-3.  
 
Fig. 4-3: Thermal cycle used to record D-CCT diagrams for G2 and G3 grades 
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Table 4-3: Parameters applied to record D-CCT diagrams for G2 and G3 
Parameters Reheating Austeni- 
tization 
Pass 
No. 1 
Pass  
No. 2 
Pass 
 No. 3 
Pass 
 No. 4 
t8/5  
Heating/Cooling rate, (Ṫ) K/s 3.3 - 10 - 10 10 - 
Temperature, (T) °C - 1200 1000 1000 900 800 - 
Time, (t) s - 300 3 12 3 3 5:320 
Strain, (φ) - - 0.2 0.3 0.37 0.33 - 
Strain rate, (?̇?) s
-1 - - 8.5 8.5 9.5 10.5 - 
4.2.5. Following the static recrystallization kinetics  
Relaxation test was employed for investigating the softening kinetics (static 
recrystallization) during hot deformation. Such test was performed on G2 grade using the 
Bähr deformation dilatometer according to the thermomechanical schedule described in 
Fig. 4-4 . Cylindrical specimens with dimension of (5 mm 𝜙 x 10 mm) were heated up at 
relatively slow heating rate of 200 K/min to austenitization temperature of 1200 °C and 
held for 300s. A cooling rate of 10 K/s was applied to cool the specimens down to the 
deformation temperature. Being the deformation temperature attained, the specimens 
were held for 3s to ensure a fair uniform temperature distribution before applying the 
uniaxial compression deformation step. After deformation being conducted, the 
deformation stamp was immediately fixed in its position to keep the displacement 
constant and then a stress relaxation step was begun. Static recrystallization was 
investigated at three different relaxation temperatures, namely 1050, 950 and 850 °C. 
The decrease in compressive force was recorded vs. relaxation time, and the rate of 
data acquisition was adjusted in order to provide enough data points as possible at the 
early stage of relaxation. After the elapse of relaxation time the tested specimens were 
rapidly cooled and subsequently investigated by means of metallography.          
Since the test procedures involved long-time contact (1000s) between the test specimen 
and the deformation stamps, the temperature gradient along the longitudinal axis of the 
test specimen should be kept as minimum as possible. This was achieved by using 
quartz stamps of a very low thermal conductivity (1.3 W/K.m). Moreover, two 
molybdenum discs were inserted between the deformation stamps and the specimen to 
reduce the friction and ensure the homogeneity of temperature. For a precise control of 
deformation stamp displacement immediately after deformation, a small strain rate was 
applied of 1s-1. 
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Fig. 4-4: Relaxation schedule used for monitoring static recrystallization kinetics of G2 grade 
4.2.6. Cooling after last deformation step and determination of Tq 
A dual phase microstructure could be adjusted during production of hot-rolled DP steels 
by austenite conditioning and adjusting the cooling strategy immediately after the last 
deformation step on the run out table. The thermal cycle represented in Fig. 4-5 aims at 
investigating the influence of cooling rate after last deformation step and before 
quenching from Tq on the developed microstructure and mechanical properties 
(performed only on the G1 grade [All15a]). This set of experiments was carried out using 
the thermomechanical simulator TTS. All the specimens were inductively heated in 
vacuum and cooled with argon or helium according to the aimed cooling rate. The 
applied cooling rates were expressed in cooling times from 800 to 500 °C i.e. t8/5. The 
thermo-mechanical processing parameters are illustrated on the thermal cycle. Tq stands 
for the temperature at which approximately 80 vol.% of austenite should be transformed 
related to the applied cooling rate. The Tq was determined for each individual schedule 
by applying the lever rule on dilation-temperature curve (recorded by means of 
deformation dilatometer) and corrected by quantitative metallography. Microstructure 
features such as change in grain size and banding were explained by LOM and WDX 
investigations. Corresponding mechanical properties were evaluated by means of tensile 
testing using mini-flat tensile specimens manufactured from the thermo-mechanically 
treated blocks (refer to Fig. 3-9).  
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Fig. 4-5: Thermal cycle applied to investigate the effect of cooling rate on microstructure 
(reproduced from [All15a]). * determined according to LOM-results as will be explained in section 
4.3.4 
4.3. Results 
4.3.1. CCT and D-CCT diagrams 
By means of CCT and D-CCT diagrams the phase transformation behaviors of the 
investigated steel grades are studied. A set of experiments was carried out at a wide 
range of cooling rates to record the necessary dilatometric measurements for the 
possible phase transformations. All of the applied cooling rates were plotted as 
temperature-time curves on a semi-logarithmic graph. In case of CCT diagram the 
cooling curves started from the austenitization temperature; however, they started from 
the last deformation temperature in case of D-CCT.  Based on the dilatation-temperature 
plot recorded for each cooling rate, the start and finish temperatures of the different 
phase transformations were determined from the inflections in the slope of cooling 
portion. Sometimes the recoded signals were very weak to recognize the start or finish 
temperature of a transformation. In this case, the metallographic investigations 
(estimated vol.% of microstructural components) and microhardness measurements 
assisted in better interpretation of the dilatometric data. The start and finish 
transformation temperatures were marked on the corresponding temperature-time 
curves along with the estimated volume fractions of microstructural components. The loci 
of the points that represent the beginning and end of an individual phase transformation 
were joined together with the same line. The following sections point out the differences 
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in the phase transformation diagrams with and/or without deformation of the investigated 
steel grades. 
R grade 
Fig. 4-6 a and b illustrate the resulted CCT and D-CCT diagrams of the weathering steel 
(R grade), respectively. An elongated ferrite transformation region is recognized over the 
whole range of cooling rates regardless the presence or absence of deformation. 
Likewise, an elongated pearlite region is also identified on recording the CCT diagram 
over the most applied cooling rates. However, it merged with the ferrite region on 
recording the D-CCT diagram. At higher cooling rates the ferrite transformation start 
temperature decreases for both CCT and D-CCT diagrams. In addition, low temperature 
microstructural components such as martensite and/or bainite start to form. For the CCT 
diagram, the transformation finish temperature of the bainite/martensite (B/M) could be 
determined, however the upper boarder of the B/M regions is represented with a dashed 
line as the dilatation signals were weak to record the begin of transformation. For the 
same reason neither begin nor end of the martensite transformation are recorded in case 
of D-CCT diagram. Nevertheless, the metallographic investigations demonstrated the 
formation of small amounts of martensite. 
G1 grade 
Fig. 4-7 a and b show the CCT and D-CCT diagrams of weathering-DP steel (G1 grade), 
respectively. Four different superimposed transformation regions can be seen for CCT 
diagram without deformation; namely ferrite (F), pearlite (P), bainite (B) and martensite 
(M). Obviously, G1 grade exhibits a delayed ferrite transformation in addition to an 
elongated bainite field in absence of deformation. At slow and moderate cooling rates 
pearlite transformation takes place, but its start temperature could not be detected at the 
moderate rates as can be recognized from the dashed lines. Moreover, pure martensite 
microstructure could only be formed at the highest cooling rate of 300 K/s indicating 
relatively weak austenite hardenability. The D-CCT diagram points out a relatively faster 
ferrite transformation and a shift in pearlite transformation nose to a shorter time. These 
are typical consequences of phase transformation from a deformed austenite. A bay is 
formed between the ferrite/pearlite transformation region and the bainite/martensite one 
indicating the delaying and suppression of bainite transformation. The amount of formed 
martensite at higher temperatures was adequate to deliver clear signals of the start and 
finish temperatures of martensite transformation. Depending on the recorded D-CCT 
diagram of G1 grade it is noteworthy that a DP microstructure could be developed by 
applying moderate cooling rates with t8/5 of around 60s. 
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Fig. 4-6: Continuous cooling transformation diagrams of weathering steel (R grade). a) without 
deformation (CCT)  and b) with deformation (D-CCT). Volume fractions of phases are shown at 
the border of each phase region and hardness values are circled at the end of each cooling line  
  
 
Grade C Si  Mn P S Cr Mo Ni Al Cu Nb N 
R 0.069 0.50 0.52 0.055 0.003 0.40 - 0.30 0.049 0.31 - 0.002 
a
t8/5 (s)     3   5   10.4    15    30    60   120   300   600   1500
b
t8/5 (s)   5.3        15    30    60   120   300   600   1500
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Fig. 4-7:Continuous cooling transformation diagrams of weathering-DP steel (G1 grade): a) 
without deformation (CCT)  b) with deformation (D-CCT). Volume fractions of phases are shown 
at the border of each phase region and hardness values are circled at the end of each cooling line 
  
Grade C Si  Mn P S Cr Mo Ni Al Cu Nb N 
G1 0.11 0.50 1.52 0.055 0.003 0.40 - 0.30 0.051 0.31 - 0.002 
 
a
t8/5 (s)  1     2.1  3.6    9    15    30    60   120   300   600   1500
b
t8/5 (s)  5.5      10.3    30    60  120    300   600   1500
Thermomechanical simulation experiments 
59 
 
 
G2 grade  
The D-CCT diagram of Nb-alloyed weathering-DP steel (G2 grade) is represented in 
Fig. 4-8. As can be seen the ferrite start transformation temperature is quite high 
especially at low cooling rates. In addition, the amounts of formed ferrite at high cooling 
rates pronouncedly decrease if they are compared with their counterpart of G1 grade. It 
can be also noted that the D-CCT diagram of (G2 grade) exhibits a delayed pearlite 
transformation with an elevation in its start and finish temperatures as well. Similar to the 
D-CCT of G1 grade, there is an extended region where the austenite is stable and 
undergoes no transformation. A combined region of bainite and martensite is also 
determined. The formation of martensite at the lowest applied cooling rate was verified 
by quantitative metallographic investigation.  
 
 
 
Fig. 4-8: Continuous cooling transformation diagram with deformation (D-CCT) for Nb-alloyed 
weathering-DP steel (G2 grade). Volume fractions of phases are shown at the border of each 
phase region and hardness values are circled at the end of each cooling line  
  
Grade C Si  Mn P S Cr Mo Ni Al Cu Nb N 
G2 0.10 0.51 1.51 0.055 0.001 0.41 - 0.30 0.048 0.30 0.044 0.007 
 
t8/5 (s)       5     10   20    40    80    160   320
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G3 grade 
The D-CCT diagram of Nb-Mo-alloyed weathering-DP steel (G3 grade) is shown in 
Fig. 4-9. This steel grade displays a strong delayed ferrite transformation. Dilatation 
signals of ferrite transformation were only recorded at the lowest applied two cooling 
rates; however, the metallographic investigation manifested the presence of ferrite for 
the other points in the illustrated ferrite region in spite of its small amounts. Over the 
whole tested cooling range the D-CCT diagram of G3 grade does not indicate any 
occurrence of pearlite transformation declaring its complete suppression. Moreover, the 
bainite transformation starts at higher temperatures than recorded in case of G1 and G2 
grades. The bainite/martensite region extends over the whole applied cooling range. In 
this time the amount of formed bainite and martensite were enough to deliver strong 
signals.  
 
 
 
Fig. 4-9: Continuous cooling transformation diagram with deformation (D-CCT) for Nb-Mo-alloyed 
weathering-DP steel (G3 grade). Volume fractions of phases are shown at the border of each 
phase region and hardness values are circled at the end of each cooling line 
  
Grade C Si  Mn P S Cr Mo Ni Al Cu Nb N 
G3 0.11 0.51 1.50 0.055 0.001 0.41 0.36 0.30 0.047 0.30 0.045 0.007 
 
t8/5 (s)        5     10   20    40    80    160   320
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4.3.2. Principles of TNR determination using multi-pass compression tests  
During the design of controlled hot rolling schedules the identification of TNR allows a 
distinction to be made between the temperature range where recrystallization ceases 
and that where full/partial recrystallization takes place. Depending on the flow curves 
recorded by means of multi-pass compression tests the transition from full/partial 
recrystallization to non-recrystallization region could visually detected. Fig. 4-10 
represents examples of two different sets of flow curves recorded during multi-pass 
compression tests that were performed with tip of 27 and 4s on G2 grade. Essentially, 
there is a general increase in the stress level with every additional pass. Moreover, the 
increase in stress level is relatively small in the high temperature range, whereas it 
shows a remarkable rising at the very low temperatures. The transition from a small to a 
large increase in the stress level appears at the 5th pass for tip of 27s such as shown in 
Fig. 4-10 a. However, Fig. 4-10 b shows a noticeable step-increase in stress level at the 
4th pass when tip of 4s is applied. Such initial visual inspection indicated that 
recrystallization ceases somewhere between the 4th and 5th passes in case of tip of 27s, 
while it stops earlier (between the 3rd and 4th passes) as the tip decreases to 4s. These 
observations were valid for all multi-pass compression tests that were conducted on G2 
and G3 grades.  
  
Fig. 4-10: Successive flow curves recorded during multi-pass compression test applying different 
tip on G2 grade: a) tip of 27s and b) tip of 4s.  The temperature range where TNR is located, could 
be roughly defined depending on how high the increase in stress level is. 
As described above, the visual inspection of flow curves provides a rough estimation for 
the temperature range in which TNR could be defined. For more accurate determination, 
the conventional approach developed by Jonas and his co-workers [Bai93] for 
determination of the critical temperatures was utilized. By adopting this approach, the 
flow stress behavior for the proposed multi-pass compression test can be divided into 
two distinguished regions. Such behavior is more clearly illustrated by plotting the 
change in the mean flow stress (MFS) with the inverse of temperature 1000/T, where T 
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is the absolute temperature in K. The calculation principle of MFS pertaining to each flow 
curve is schematically represented in Fig. 4-11 according to the numerical integration 
provided by Equation 4-1 [Bai93]. 
 
Fig. 4-11: schematic representation of how the MFS to be calculated 
Equation 4-1 
?̅?𝑒𝑞 =
1
𝜀𝑏 − 𝜀𝑎
∫ 𝜎𝑒𝑞
𝜀𝑏
𝜀𝑎
𝑑𝜀𝑒𝑞 
Where: ?̅?𝑒𝑞 is the MFS, 𝜎𝑒𝑞is the equivalent flow stress and (𝜀𝑏 − 𝜀𝑎) is the equivalent 
strain of the pass of interest. 
The basic elements for determination of TNR for G2 grade are described by means of 
MFS vs. inverse absolute temperature curves shown in Fig. 4-12. Additionally, the 
influence of tip on the MFS-level and consequently on the TNR-values for different 
austenitization temperatures is also depicted. For all cases, two different regions can be 
seen: region Ι represents the high temperature range where full/partial recrystallization 
takes place, while region ΙΙ represents the relatively lower temperature range where 
recrystallization ceases. Generally, the MFS increases as the temperature decreases in 
both regions. In region Ι, where deformation passes performed at high temperatures, the 
MFS level modestly increases with temperature decrease, while it sharply increases in 
region ΙΙ.  The increase in MFS level accompanied the transition from region Ι to region ΙΙ 
corresponds to the change from full/partial recrystallization to no-recrystallization 
behavior. A linear interpolation of the MFSs in both regions for every dataset results in 
two regression lines with different slopes as shown in Fig. 4-12 a-c. The change in the 

b

a

e
q

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slope (upward bend) from region Ι to region ΙΙ indicates a greater tendency towards 
hardening. According to the method developed by Jonas and his co-workers [Bai93] the 
transition point between the regression lines defines the temperature at which 
recrystallization stops i.e. TNR.  
Fig. 4-12 d illustrates the change in TNR vs. TA for the investigated tips. The results 
indicate that the TNR generally increases as TA increases for all applied tip. The effect of 
TA on TNR is more pronounced for longest tip (of 27s) than the shorter ones (of 12 and 4s). 
it is noted that TNR increases with 19 °C when the TA increases from 1150 to 1250 °C in 
case of applying tip of 27s.  Moreover, changing the tip affects the TNR the most in case of 
the lowest TA of 1150 °C, since decreasing the tip from 27 to 4s leads to an increase in 
TNR by 27 °C.   
  
  
Fig. 4-12:  Basic elements for determination of TNR  for G2 grade applying different tip; namely 4, 
12 and 27s. a), b) and c) represent MFS vs. 1000/T plots for different TA of 1150, 1200 and 
1250 °C, respectively. d) reflects the effect of tip and TA on the TNR values. 
The methodology used to determine the TNR for G2 grade was also applied in the same 
manner to define the TNR for G3 grade such as indicated in  
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Fig. 4-13 a. Only one austenitization temperature (1200 °C) was tested in this case. A 
similar behavior of G2 grade is also observed for G3 grade, since the TNR increases as 
the tip decreases achieving a maximum value of 981 °C when the applying tip is 4s. For 
all tested tip the determined TNR of G3 grade reveals noticeable higher values compared 
with those determined for G2 grade.  
Fig. 4-13 b shows the effect of Nb-Mo combined addition (G3 grade) on TNR in 
comparison to that of Nb addition (G2 grade). 
  
Fig. 4-13: Determination of TNR for G3 grade. a) effect of tip on TNR values in case of TA of 1200 °C 
and b) represents the effect of Nb-Mo combined addition on TNR in comparison to Nb-alloyed 
grade.  
4.3.3. Basic elements for analysis of relaxation test 
Determination of static recrystallization kinetics for the Nb-alloyed weathering-DP (G2 
grade) was performed by applying stress relaxation tests at different temperatures for 
1000s. Fig. 4-14 represents typical recorded curves of change in stress vs. logarithm of 
time during relaxation period (with keeping the position of deformation stamps fixed) for 
the G2 grade at different relaxation temperatures 1050, 950 and 850 °C. Although the 
strain rate was set to be relatively low (1s-1) for better control in displacement of 
deformation stamp after applying the deformation step, analogous stress drop emerged 
for all curves in the first 0.2 s. This drop in stress does not represent softening effect due 
to neither recovery nor recrystallization. It is basically reflects the control effect of testing 
device due to instance termination of deformation and starting the holding (stress 
relaxation) period. Based on the study of Karjalainen [Kar95], three distinct zones could 
be identified for a complete softening process (by recovery and recrystallization). The 
first region shows a linear decrease in stress level at a constant rate caused by 
relaxation of the strained austenite by recovery. The second zone accounts for the most 
decrease in stress level at a rapid rate. This rapid decrease emerges due to softening of 
1100 1050 1000 950 900 850
0.72 0.76 0.80 0.84 0.88 0.92
80
120
160
200
240
   
   
  R
eg
io
n 

(N
o 
Re
cr
ys
ta
lliz
at
io
n)
    
  R
eg
ion
 
   (
Fu
ll/P
art
ial
 
Re
cry
sta
lliz
ati
on
)
G3 Nb-Mo-alloyed
T
A
=1200 °C
M
F
S
, 
M
P
a
1000/T, K
-1
  4 s
 12 s
 27 s
Transition Points
a)
 
 Temp., °C
T
NR
= 981
T
NR
= 968 °C
T
NR
= 960 °C
4 s 12 s 27 s
930
940
950
960
970
980
990
b)
 
 
T
N
R
, 
°C
t
ip
 G2 Nb-alloyed
 G3 Nb-Mo-alloyed
Thermomechanical simulation experiments 
65 
 
the strained austenite by static recrystallization. The third zone corresponds to a small 
linear decrease in stress level originated by relaxation of the soft austenite (after 
completing the static recrystallization) by grain growth. Sometimes, the third zone shows 
a constant relaxation stress i.e. the slope of the linear decrease converges to zero. The 
linear decrease in stress level in the first and third zones could be described by straight 
lines by:     𝝈 = 𝝈𝒐 + 𝜶 𝐥𝐨𝐠 𝒕 
Where 𝝈 stands for the true stress, t is the relaxation time and 𝝈𝒐 and 𝜶 are constants.  
Fig. 4-14 points out that the relaxation at 1050 °C results in a complete softening 
behavior showing the above described three stages. While at 950 °C only a partial 
recrystallization takes place since the second region is still decreasing, and the stress 
level does not reach a stage of constant rate decrease (third stage). For relaxation at 
850 °C, the stress vs. logarithm of time curve exhibits almost linear decrease in stress 
level over the whole relaxation period declaring the complete suppression of the static 
recrystallization.  
 
Fig. 4-14: Typical stress relaxation curves for G2 grade recorded at different temperatures1050, 
950 and 850 °C 
The results of metallography reveal that a completely recrystallized microstructure with 
coarse grains is observed after relaxation at 1050 °C (Fig. 4-15 a), while a microstructure 
containing a mixture of recrystallized and elongated grains is recorded after relaxation at 
950 °C such as shown in Fig. 4-15 b. The microstructure after relaxation at 850 °C 
consists only of strained (non-recrystallized) and elongated grains as indicated in 
Fig. 4-15 c.  
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Fig. 4-15: Metallographic investigations after relaxation at different temperatures. a) completely 
recrystallized with grain growth effects after relaxation at 1050 °C, b) partially recrystallized after 
relaxation at 950 °C and c) non recrystallized and elongated grains after relaxation at 850 °C. 
Fig. 4-16 explains the principle of determination of static recrystallization kinetics based 
on the analysis of relaxation data recorded during performing stress relaxation at 
1050 °C which implies a complete recrystallization of austenite. The relaxation stress vs. 
logarithm time indicates a linear relaxation of strained austenite by recovery (first zone) 
and another linear relaxation of the soft austenite by grain growth (third zone). In other 
words, relaxation in the first and third zones corresponds to stress relaxation in a 
strained and soft austenite, respectively. However, the second zone corresponds to a 
mixture of strained and soft microstructure due to the occurrence of the static 
recrystallization. Based on that, at a certain point in the second zone the recrystallized 
fraction could be determined by applying the rule of mixture. At certain point in the 
second zone the stress (𝝈) at a time (t) could be expressed by means of extrapolating 
the linear decrease in the first and third zones (such as shown in Fig. 4-16) by the 
following relation:    
𝜎 = (1 − 𝑋)(𝜎01 − 𝛼1 log 𝑡) + 𝑋(𝜎02 − 𝛼2 log 𝑡) 
Where: X is the fraction of recrystallized microstructure and the subscripts 1 and 2 refer 
to the constants of the first and third zones, respectively as indicated in the Fig. 4-16. 
The fraction of the recrystallized microstructure could be derived from the previous 
equation to be:  
𝑋 =  
(𝜎1−𝛼1∗log 𝑡)−𝜎
(𝜎1−𝜎2)−(𝛼1−𝛼2)∗log 𝑡
   
According to this equation, the recrystallized kinetic curve i.e. X(t) was plotted as could 
be seen in Fig. 4-16. 
a b c
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Fig. 4-16: Principles of determination of static recrystallization kinetics based on stress relaxation 
analysis. Relaxation was carried out on G2 grade for 1000s at 1050 °C 
4.3.4. Adjustment of Tq 1 
During production of hot-rolled DP steels a dual phase microstructure could be adjusted 
by controlling the cooling strategy on the run out table from the austenite phase after the 
last deformation pass. Irrespective of the applied cooling strategy there is a certain 
temperature (Tq) at which a rapid cooling must be applied to force the remaining 
austenite to transform into martensite. Such Tq was determined by following the progress 
of austenite decomposition by means of dilatation measurements, and it was 
subsequently corrected with the help of quantitative metallography such as illustrated for 
instance for t8/5 of 300s in Fig. 4-17. With the help of dilatation-temperature plots two 
tangents were aligned to the start and finish of austenite transformation and the 
transformed fractions were calculated by employing the lever rule such as represented in 
Fig. 4-17 a. The progress of austenite transformation as a function of temperature based 
on dilatation measurements is shown in Fig. 4-17 b. Since the transformation of 
austenite implies carbon partitioning and segregation of alloying elements, it is noticed 
that the calculated fractions of transformed austenite based on dilatation measurements 
do not accord with quantitative metallography results that manifested the presence of 
higher martensite volume fraction than estimated from calculation. Therefore, an 
adjustment of Tq had to be performed by quenching to low temperatures till the targeted 
80 vol.% transformed austenite was achieved as indicated in Fig. 4-17 b. Values based 
on both dilation measurements and LOM results for the different applied t8/5 are listed in 
Table 4-4. 
                                               
1Published in [All15a] 
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Fig. 4-17: Adjustment of Tq; a) dilatation curve with corrected austenite dilatation according to 
LOM results– t8/5 of 300s: BA/CA = fraction of transformed austenite without considering 
partitioning; BA`/CA`= fraction of transformed austenite based on corrected dilation. b) 
corresponding fraction of transformed austenite based on austenite dilatation and on LOM 
(reproduced from [All15a]).  
 
Table 4-4: Tq values based on dilatation and LOM for different applied t8/5 [All15a] 
t8/5 (s)  Tq (dilatation) Tq (LOM) 
600  659 630 
300 646 615 
150 640 610 
4.3.5. Microstructure and mechanical properties evaluated from thermomechanical 
treated TTS-blocks  
Fig. 4-18 shows the effect of different cooling rates on the developed microstructures. 
Generally, the phase fractions of ferrite and martensite are almost the same due to the 
fact that quenching was performed after about 80 vol.% of austenite had been 
transformed. The evolved microstructure (listed in Table 4-5) comprises about 75 vol.% 
ferrite, 2-4 vol.% pearlite and 22 vol.% martensite. The most important two notes to be 
made for the effect of cooling rate are the differences in microstructural banding and 
grain-size. As t8/5 decreases the tendency to banding decreases and at the same time 
the finer is the grain size. For the banded microstructure developed by cooling with t8/5 of 
600s the inter-banding space ranges from 10 to 20 µm. The average measured grain 
size decreases from 14 µm to 8 µm as the t8/5 decreases from 600 to 150s. 
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Fig. 4-18: Effect of cooling rate (t8/5) on developed microstructures: a) t8/5 of 600s, b) t8/5 of 300s 
and c) t8/5 of 150s [All15a] 
Table 4-5: Amount of phases evolved after thermo-mechanical simulation using TTS. F: ferrite, P: 
pearlite, B: bainite and M: martensite 
t8/5 (s) F vol.% P vol.% B vol.% M vol.% 
600  74 3 - 23 
300 74 4 - 22 
150 76 2 - 22 
The distribution of alloying elements (C, Si, Mn and Cr) over a 100 µm length line on a 
banded microstructure was graphically depicted in Fig. 4-19. The WDX analyses 
indicated that the relative standard deviation (referred to the measured element content) 
is about +/- 0.1 wt.% for Mn, Si, and Cr and about 0.02 wt.% for C. The examined 
specimen was treated at TTS following the schedule assigned to the t8/5 of 600s (the 
slowest cooling rate). It is obvious that the microstructure consists of ferrite and 
martensite bands formed along the rolling direction. The distribution of Si and Mn in 
particular shows a noticeable variation across the martensite bands. Mn content 
fluctuates between 1.3 and 1.9 wt.%, Si content varies between 0.5 and 0.7 wt.%, Cr 
content is homogenously distributed to a great extent, while C content varies between 
0.3 and 0.8 wt.% in martensite regions and is lower than 0.03 in ferrite. 
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Fig. 4-19: Line-scan micrograph representing the partitioning of alloying elements for a 
thermomechanical treated specimen on TTS and slowly cooled with t8/5 of 600s [All15a] 
Mechanical properties were determined by tensile testing for each schedule using the 
mini tensile specimens. The main characteristics, namely: yield strength (Rp0.2), ultimate 
tensile strength (Rm), uniform elongation (Au), total elongation (A5.65), yield ratio (Rp0.2/Rm) 
and strain hardening exponent (n) are listed in Table 4-6. It can be concluded that typical 
values of DP steels are achieved in terms of yield and tensile strength as well as uniform 
and total elongation. Rm, A5.65 and Au slightly increase as the cooling rate increases. 
Generally speaking, a yield ratio Rp0.2/ Rm ratio of around 0.5 and an n-value of about 0.2 
put an emphasis on the enhanced formability of the new developed weathering-DP steel. 
Table 4-6: Mechanical properties evaluated using mini-flat tensile specimens machined from 
thermomechanical treated blocks 
t8/5 (s) Rp0.2 (MPa) Rm (MPa) Au (%) A5.65 (%) Rp0.2/Rm n-value 
600 356 688 13.2 20.1 0.52 0.21 
300 351 701 13.8 21.3 0.50 0.20 
150 365 717 14.1 21.9 0.51 0.20 
4.4. Discussion 
4.4.1. Phase transformation behaviors 
Identification of the potential phase transformations for a specific steel grade under 
predefined processing parameters enables the proper adjustment of the required 
microstructure during hot rolling processes. This was performed for the investigated steel 
grades by means of CCT and/or D-CCT diagrams. In general, the resulted 
transformation behaviors of the different grades show a strong dependence on the 
corresponding alloying concept. On the one hand, the weathering steel (R grade) shows 
common ferrite/pearlite transformation behavior of structural steels over the range of 
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applicable cooling rates. This can be argued by the low hardenability caused by the 
relatively low C and Mn contents, which in turn encourages the formation of the high 
temperature microstructure components i.e. ferrite and pearlite, and suppresses the 
formation of the low temperature ones such as bainite and martensite. On the other 
hand, the weathering-DP steels (G1, G2 and G3 grades) which their alloying concepts 
are basically oriented to impart an atmospheric corrosion resistance to the DP steels 
show higher hardenability and lower Ar3 temperature. As a consequence, low 
temperature microstructural constituents are formed at slower cooling rates. 
Furthermore, the increased amount of both C and Mn in G1 grade (compared to R 
grade) shifts the pearlite temperature to longer times. However, the Nb-addition for G2 
grade suppresses the pearlite transformation to a great extent. For G3 grade pearlite 
transformation completely ceases due to combined Nb-Mo addition. Generally speaking, 
C and Mn besides Cu, Ni, Nb and Mo stabilize the austenite and lead to a decrease in 
ferrite transformation temperature (Ar3) and an increase in the incubation period of 𝛾 → 𝛼 
transformation. It was reported that austenite stability described by Ar3 temperature 
shows a significant dependence on specially C content and the presence of other 
alloying elements such as Mn, Cu, Cr, Si, Ni, and Mo [Ouc82, Zwa02, Lee11]. Different 
studies [Yos92, Har04, Isa11, Mil14] demonstrated that adding such alloying elements 
increases the hardenability by shifting the transformation to lower temperatures so that 
fine-grained ferrite, bainite and/or martensite could be formed at slow cooling rates.   
In case of G1 grade, the presence of a considerable amount of substitutional atoms (Si, 
Mn, P, Cr, Ni and Cu) exerts a diffusion-drag effect retarding the kinetics of ferrite 
transformation which is a diffusion-controlled process [Gil72, Pur95, Eno99, Hil04, 
Guo07, Per12]. Therefore, compared to R grade, the alloying concept of G1 grade can 
promote the formation of relatively smaller amounts of ferrite at moderate cooling rates 
(60-120 s). Nevertheless, the formed amounts of ferrite meet the requirements for 
production of dual phase microstructure, whereby it should be taken into account that 
pearlite can form.      
For the G2 grade which contains 0.044 wt.% Nb, the ferrite transformation kinetics is 
delayed particularly at high cooling rates. In contrast, at relatively low/moderate cooling 
rates the amounts of formed ferrite increase and reach more than 70 vol.%. This can 
lead to the conclusion that ferrite transformation of Nb-alloyed weathering-DP grade 
requires quite longer time to finish. Moreover, pearlite transformation will not take place 
at the moderate cooling rates if compared with G1 grade. The observed ferrite 
transformation stasis could be due to the extra solute drag effect of Nb and/or the 
sluggish growth kinetic. It was established that Nb in solution retards the ferrite 
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transformation [Ami81, Man96]. Several studies discussed the delay in ferrite 
transformation due to solute-Nb and attributed this delay to the reduction in energy of the 
grain boundaries caused by segregation of Nb; in addition to, the decrease in C 
diffusivity during partitioning between ferrite and austenite as a result of its strong 
interaction with Nb [Fos95, Sue96, Lee99, Fur10, Jia15]. However, Nb(CN) precipitates 
can play a dual role in austenite to ferrite transformation. They can accelerate the ferrite 
transformation by removal of solute Nb thereby reducing the drag effect and providing 
the potential nucleation sites [Ree95, Yua06], or they can retard the progress of 
transformation by pinning the interphase boundaries [Man96].   
A significant delay in ferrite transformation and a complete suppression of pearlite 
transformation are observed for G3 grade that contains 0.045 wt.% Nb and 0.36 wt.% 
Mo. The transformation behavior of Nb-Mo-alloyed weathering-DP grade puts an 
emphasis on its increased hardenability which in turn leads to formation of low 
temperature microstructural constituents (bainite and martensite) even at low cooling 
rates.  Capdevila et al. [Cap05] reported that Mo increases the stability of austenite and 
retards its transformation. Other studies [Shi90, Rey90, Har04, Isa11, Mil14] pointed out 
that Mo retards the ferrite transformation and can lead to incomplete transformation 
creating a bainitic bay which separates the ferrite and bainite regions. The effect of 
combined Nb-Mo addition on the transformation kinetics has not been fully identified, and 
there is not much literature about it. However, Mohrbacher [Moh10] concluded that 
solute Mo and Nb are strongly reducing the carbon diffusivity in austenite retarding the 
𝛾 → 𝛼 transformation.   
The D-CCT diagrams of the weathering-DP grades showed that a process window is 
generated within which the austenite is stable without further transformations. This 
enables the processing window as well as the phase transformations to be tailored under 
constrained conditions of hot rolling. It is noteworthy that for G1 and G2 grades a 
considerable amount of polygonal ferrite could be formed over a wide range of cooling 
rates that could be industrially implemented on the run out table during hot-rolling 
processes. The phase transformation characteristics of G1 and G2 grades make the step 
cooling unnecessary and enable easy processing by continuous cooling directly after hot 
rolling as will be explained in Chapter 5. However, the phase transformation behavior of 
G3 grade indicates that it is difficult to achieve enough amount of polygonal ferrite due to 
the retardation effect of Mo on ferrite transformation kinetics. Upon that, a complex 
phase microstructure containing bainite, martensite and small amount of polygonal ferrite 
is expected for G3 grade.  
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4.4.2. Factors affecting the TNR and static recrystallization 
The knowledge of TNR is particularly important during designing the thermomechanical 
controlled processing schedules. TNR defines the temperature below which deformation 
bands are formed and pancaking of austenite occurs due to strain accumulation after the 
static recrystallization is being suppressed between deformation passes. The result of 
this is an increase in nucleation density for austenite-to-ferrite transformation leading to a 
final fine grained ferrite microstructure [Koj96, Aba01, Ver07, Wen09]. For a given steel 
grade, TNR is not a fixed temperature but rather depends on processing parameters such 
as austenitization/reheating temperature, initial grain size, pass strain, strain rate and 
interpass time besides the content of microalloying elements [Bai93, Jon98, Ver12, 
Hom13]. This makes the TNR more dependent on the processing route due to the 
complex interactions among recrystallization, solute drag and strain-induced 
precipitation. In Nb-microalloyed steels, two mechanisms have been proposed for 
retardation of recrystallization and increasing the TNR [Akb81, Tam88, Sun89, Spe89, 
Kwo91, Med95]: (1) solute drag effect which strongly affects the mobility of grain 
boundaries; (2) precipitate pinning effect, since the fine precipitate dispersion could offer 
a significant pinning force on the grain boundaries suppressing the progress of 
recrystallization. On determination of TNR by means of the proposed multi-pass 
compression test in the current work, the effects of austenitization temperature and the 
interpass time are considered.  
The absence of strain accumulation during deformation in region Ι i.e. above TNR involves 
the occurrence of full/partial static recrystallization after each deformation pass. 
Accordingly, the increase in MFS level from pass to pass in region Ι is mostly due to the 
decrease in deformation temperature. However, the remarkable increase in the MFS 
level from pass to pass in region ΙΙ and the displayed steep slope can be explained by 
strain accumulation because of static recrystallization retardation below TNR. Other 
studies [Bor88, Bai93, Gau12] have reported also that during determination of TNR by 
multi-pass torsion test a strain accumulation took place below TNR due to the impediment 
of recrystallization leading to an additional increase in stress increment from pass-to-
pass with decreasing temperature. 
4.4.2.1. Influence of interpass time 
For G2 and G3 grades as the interpass time (tip) decreases the TNR increases 
(regardless of the austenitization temperature)2 since the short interpass time of 4s 
implies an incomplete occurrence of recrystallization and accumulation of higher amount 
                                               
2 Different austenitization temperatures were only tested on G2 grade 
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of strain. This in turn could assist the earlier deformation-induced dynamic precipitation 
of Nb(CN), which retards recrystallization and raises TNR, by applying shorter tip than 
longer ones. Following the static recrystallization kinetics by means of relaxation tests 
indicated that it takes about 10s at 1050 °C to reach a state of complete static 
recrystallization, while incomplete static recrystallization is present by relaxation at 
950  C for 1000s. Moreover, change in stress vs. relaxation time does not reveal any 
sign for static precipitation. Liu and Jonas [Liu88] established that the static precipitation 
of  carbonitrides is accompanied with stress plateau representing its start and finish 
times, which is not the case under the current conditions.  
It is likely that the retardation of static recrystallization is due to the deformation-induced 
dynamic precipitation occurrence and/or the solute drag effect by particularly Nb and Mo 
and generally by the present alloying elements. The decrease in tip involves the 
incomplete static recrystallization accelerating the deformation-induced precipitation on 
further deformation and increasing the TNR. The argument of recrystallization retardation 
due to deformation-induced dynamic precipitation is supported with the high value of 
proof stress for the deformation pass carried out at the temperature immediately lower 
than the TNR. Fig. 4-20 shows the proof stresses (at 0.2% offset strain) of the successive 
compression passes carried out with tip of 4 and 27s. A large increase in proof stress is 
noticeable between the third and fourth passes for tip of 4s and between fourth and fifth 
passes for tip of 27s. Such increase in proof stress might count for the proposed 
deformation-induced dynamic precipitation. Nevertheless, it requires to be verified by 
transmission electron microscopy (TEM) observations. Mousavi Anijdan et. al [Mou11] 
reported that recrystallization stops in the pass immediately following the pass in which a 
significant level of dynamic precipitation takes place. They confirmed the occurrence of 
dynamic precipitation by means of TEM investigations. 
  
Fig. 4-20: Proof stresses at corresponding 0.2% offset strain indicating the likelihood of 
deformation-induced dynamic precipitation occurrence in case of G2 grade. a) tip of 4s and b) tip of 
27s 
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4.4.2.2. Influence of austenitization temperature 
The results pointed out that the TNR increases as the austenitization temperature 
increases. The dependence of TNR on the austenitization temperature could be 
understood by considering the influence of undissolved precipitates together with the 
applied interpass time. A high austenitization temperature brings more carbonitrides 
particles in solution leading to an increase in solute drag effect. Moreover, a high 
austenitization temperature allows a high Nb-supersaturating level which changes the 
driving force for Nb(CN) precipitations and increases the TNR [Pal96, Bai93]. The 
retardation effect of precipitation on recrystallization becomes more effective when the 
amount of soluble Nb available for precipitation is high enough, which could be achieved 
by applying a high austenitization temperature. Based on the solubility products of NbC 
and Nb(CN), the corresponding solution temperatures were calculated using 
Equation 4-2 and Equation 4-3 derived by Irvine [Irv67], respectively. The amount of 
available soluble Nb in austenite vs. austenitization temperature for the G2 and G3 
grades is shown in Fig. 4-21 which points out that austenitization below 1200 °C involves 
the presence of undissolved precipitates.  Therefore, the decrease in TNR with the 
decrease in austenitization temperature from 1250 to 1150 °C could be ascribed to the 
weak retardation effect of precipitation on recrystallization due to the lower Nb-
supersaturation and lower solute drag effect. In addition, it was also demonstrated that 
the undissolved coarse precipitates can act as nucleation sites for recrystallization which 
leads to a decrease in TNR [Bai93]. 
 
Equation 4-2: Solubility product of NbC [Irv67] 
log[𝑁𝑏] [𝐶] = 2.78 − 
7407
𝑇
   
Equation 4-3: Solubility product of Nb(CN) [Irv67] 
log[𝑁𝑏] [𝐶 + 12 14⁄ 𝑁] = 2.26 −  
6770
𝑇
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Fig. 4-21: Soluble Nb-content for G2 and G3 grades as a function in austenitization temperature 
The main goal behind studying the effect of interpass time and austenitization 
temperature on the TNR is to set the suitable reheating temperature and to adjust the 
interpass time, which enable the proper design of the hot-rolling processing window for 
the weathering-DP steel grades under investigation. Fig. 4-22 is developed to summarize 
the above discussed effect of interpass time during multi-pass compression test  on the 
TNR and the interaction of solute drag and precipitation effects with recrystallization for 
two different reheating situations. Firstly, reheating conditions that bring all precipitates 
into solution, secondly, reheating to a temperature below the solubility temperature of 
Nb(CN). 
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a) 
 
b) 
 
Fig. 4-22: Dependence of TNR on interpass time for two different reheating conditions. a) indicates 
three scenarios for the state of precipitation depending on the available tip-window b) shows a 
single scenario when the reheating temperature is below the solubility temperature of precipitates. 
4.4.2.3. Effects of alloying concept  
The knowledge about the effect of alloying elements on the critical temperatures 
particularly TNR assists in the proper design of processing window during hot rolling 
processes. Since the investigated weathering-DP steel grades contain a large amount of 
alloying elements, it is expected that TNR can show somehow chemical composition 
dependence. Generally, the substitutional alloying elements which exhibit a large atomic 
size difference comparing with Fe atom can contribute to the retardation effect on 
recrystallization by solute drag effect. As a rule of thumb, the higher the difference in 
atomic size the greater the potential for solute drag effect [Lüc57]. The properties that 
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determine the solute drag potential (listed in Table 4-7 ) point out that Ti, Nb, P, Mo and 
Mn can influence the recrystallization kinetics due to their effective potential for solute 
drag.  
The influence of microalloying additions of Nb and other standard elements such as V 
and Ti on the TNR have been discussed in light of the solute drag effect and/or precipitate 
pinning effect in several studies [Akb81, And83, Spe89, Mar98, Ura03]. However, the 
available literature on the effect of Cu and Ni, which are two of the main elements in the 
developed alloying concepts, on recrystallization is somewhat little and remains to be 
investigated. Maehera et al. [Mae81] studied the effect of Cu and Ni on recrystallization 
and stated that Ni has small effect on recrystallization; however, Cu has a similar 
retardation effect on as Nb. The study of Yamamoto et al. [Yam81] demonstrated that 
the softening behavior of steels containing Ni which has a similar atomic radius as the Fe 
is mostly similar as the base metal. They explained this behavior depending on the misfit 
factor calculated from the atomic radii. Cho et al. [Cho01] indicated that 0.2 -0.5 wt.% Ni 
had some retardation effect  on recrystallization, although insignificant influence on 
activation energy of recrystallization was observed. Better understanding of the effect of 
Ni and Cu on recrystallization behavior is still required. 
Table 4-7: Factors that determine the solute drag potential (adopted from [Ver12]) 
Maximum solubility in Fe, 
wt.% 
Atomic radius,  
nm 
Difference in radius to Fe atom, 
% 
Fe  - 0.124 0 
Nb 1.8 0.143 +15.6 
Ti 4.0 0.147 +18.4 
Mn 9.8 0.134 +7.6 
Mo 12.0 0.136 +9.4 
P 2.0 0.109 -12.1 
As previously pointed out, the alloying concept of G3 grade differs from that of G2 grade 
by its Mo content. The prime influence of Mo is on enhancing the mechanical properties 
by changing the phase transformation products. Jonas and his coworkers [Bac81, 
Akb83] reported that the increase in strength and toughness was attributed to the 
formation of the low temperature transformation products associated with Mo addition. 
However, the TNR determined for grade G3 with all applied interpass times showed 
higher values than those of G2 without Mo. This emphasizes an additional role of Mo 
besides Nb in retarding the recrystallization. According to the factors that determine the 
solute drag effect, it is obvious that the addition of Mo can contribute to delaying the 
recrystallization. A number of studies [Per07, Bou98, Per10a, Per13] was carried out to 
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investigate the effect of Mo addition on recrystallization of Nb-microalloyed steels. There 
was a consensus that the addition of Mo in solid solution has a strong retardation effect 
on recrystallization. Two different mechanisms have been proposed: (1) Akben [Akb83] 
reported that the addition of Mo increased the solubility of Nb(CN) due to the decrease in 
C and N activity. Wada and Pehilke [Wad85] confirmed also that Mo increases the 
Nb(CN) solubility in austenite due to the same reason. Such increase in carbides forming 
species i.e. Nb, C and N leads to a decrease in driving force of Nb(CN) precipitation. (2) 
Junhua et al. [Jun04] postulated that Mo decreases the C diffusivity due to the increased 
activation energy for diffusion. In the same manner may also Nb behave, thereby the 
nucleation and growth processes of precipitation will be delayed resulting in very fine 
precipitates that have more effective pinning force on the boundaries. Either the first or 
the second mechanism is the operative one, the consequence is the retardation of 
recrystallization and the increase in TNR. The synergetic effect of Nb -Mo combined 
addition on the TNR is quantitatively determined. Depending on the multi-pass 
compression tests carried out in this study, an addition of 0.36 wt.% Mo to 0.044 wt.% 
Nb-steels raises the TNR by about 20 °C irrespective of the applied interpass time.     
4.4.3. Specific aspects of static recrystallization by relaxation tests 
Static recrystallization fraction could be determined by direct quenching and subsequent 
metallographic investigation, interrupted double-hit tests or relaxation tests. Direct 
quenching and subsequent metallographic investigation is a time consuming and rather 
tedious method whereby a distinguishing between recrystallized and deformed grains 
could be established [Góm09, Bra09]. By applying this method, in many cases, it is 
difficult to reveal the quenched austenite grains due to low hardenability. The interrupted 
double-hit technique is  widely accepted for monitoring the progress of static 
recrystallization and for determination of recrystallized fraction [Kwo91, Dev91, Li96, 
DeA03, Bra09, Góm09, Ura13, Ver11]. But for all that, it has two significant drawbacks, 
namely; 1) the inability to distinguish between the softening due to recovery and 
recrystallization, 2) many tests with different interruption times (which is excessive and 
time consuming) are to be carried out to describe the overall recrystallization behavior, 
since each point must be defined by an individual thermomechanical schedule. However, 
the relaxation technique (used in this study) allows the determination of the entire 
softening behavior by conducting a single test. This technique was first used by Liu and 
Jonas [Liu88] for following the carbonitrides precipitation in austenite. In the early 1990s 
Djahazi et al. [Dja92] detected the occurrence of recrystallization and determined the 
precipitation start and finish times by means of relaxation test. Afterwards, Karjalainen 
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and his group [Kar95, Kar96, Air98, Per98] have studied the feasibility of monitoring the 
softening kinetics in hot deformed steels using high temperature stress relaxation. From 
then on, this technique has been successfully used to monitor the softening (recovery 
and recrystallization) kinetics during hot working [Luo04, Smi04, Zha07b, Ver10, Ura13]. 
Nevertheless, many technical-related problems may arise depending on the degree of 
homogeneity of deformation inside the test specimen, the thermal conductivity of used 
stamps, the utilized testing setup (torsion or compression) and the thermal stability of 
equipment housing.  
4.4.4. Microstructural banding and mechanical properties of weathering-DP grade 3 
Several investigations indicated that microstructural banding occurs due to local 
variations in Ar3-temperature caused by segregation of substitutional alloying elements 
during solidification [Ree92, Smi93, Maj02]. The primary cause of structural banding is 
the concentration gradient of the substitutional elements, however, other factors such as 
cooling rate, austenitization temperature and austenite grain size influence also the 
microstructural banding [Maj02]. The increased tendency to microstructural banding 
detected on cooling with longer t8/5 could be explained by the segregation of Mn and Si 
as indicated in Fig. 4-19. Accordingly, a variation in Ar3-temperature is established and 
ferrite transformation begins to form in bands at regions of low-Mn and high Ar3-
temperature leading to rejection of carbon into the adjacent austenite bands of lower Ar3-
temperature. The study of Thompson et al. [Tho92] stated that the severity of 
microstructural banding increases as the cooling rate decreases because of the increase 
in the Ar3-temperature differences. Additionally, the author concluded that the banding is 
completely eliminated at cooling rates greater than 5 K/s which correspond to air cooling. 
Samuels [Sam99] demonstrated that microstructural banding that was eliminated by fast 
cooling can reappear once again if the material is re-austenitized and slowly cooled. 
The segregation and partitioning of alloying elements not only affected the morphology of 
the developed DP microstructure but also the dilatation of austenite ferrite formation. As 
illustrated in Fig. 4-17 the calculated Tq using lever rule based on dilatation 
measurements does not coincide with LOM results. The reason behind is that the 
extrapolation of austenite dilation does not fit any more to a straight line due to carbon 
partitioning and solute atoms segregation, therefore a correction is made based on the 
LOM results. It was postulated that the carbon enrichment in austenite leads to an 
increase in atomic volume of austenite by stretching the lattice parameter [Oh04, Suh07]. 
Moreover, it was concluded that the lever rule approach is only valid in case of single 
                                               
3 Published  in [All15a]  
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and non-partitioning phase transformation and consequently, several models were 
developed to consider carbon partitioning during austenite to ferrite transformation 
[Tak89, Kop01, Zha02, Cho03, Mec08]. 
Tensile testing results of the thermomechanical treated blocks show an attractive 
strength-ductility balance, which distinguishes the DP steel due to its microstructure that 
comprises a soft ferrite matrix and a hard martensite phase. The microstructural banding 
which developed at slower cooling rate has led to a marginal deterioration of ductility. 
Calcagnotto et al. [Cal10] reported that martensite bands are harmful to ductility and they 
are preferred locations for  crack propagation. Furthermore, Bleck et al. [Ble04] 
stablished that the martensite networks impair the total ductility, since the voids 
formation is accelerated to such extent that the fibrous fracture supersedes necking. 
Generally, the evaluated mechanical properties exhibited typical characteristic-values of 
DP steels and reflected normal microstructure-property relationships of DP 
microstructure. 
4.5. Conclusions 
Throughout this chapter the essential prerequisites that paved the way for subsequent 
proper design of hot-rolling schedules are studies. These involve studying the phase 
transformation behaviors of the investigated steel grades by means of CCT and/or D-
CCT diagrams. In addition to, determination of the critical temperatures and 
recrystallization kinetics that are necessary to adjust the processing window and to 
control the resulted microstructure particularly for Nb-microalloyed grades. Furthermore, 
a prediction about the mechanical properties of the weathering-DP grade is done by 
utilizing the secondary mini-flat tensile specimens machined from the thermomechanical 
treated blocks. Accordingly, the following conclusions could be drawn:  
The resulted transformation behaviors show a strong dependence on the alloying 
concepts. The weathering steel grade exhibits a normal ferrite/pearlite transformation 
behavior over the technically applicable cooling window. A delayed ferrite transformation 
is established for weathering-DP and Nb-alloyed weathering-DP grades due to the solute 
drag effect by the considerable amount of substitutional alloying elements packed in their 
alloying concepts. Nevertheless, a DP microstructure could be adjusted for these two 
grades by adopting moderate cooling, which permits easy processing by continuous 
cooling after hot rolling. The Mo content of G3 grade makes it difficult to achieve 
adequate amount of polygonal ferrite for adjusting a DP microstructure, rather a complex 
phase microstructure consisting of bainite, martensite and small amount of polygonal 
ferrite could be adjusted. 
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Microalloying elements as well as processing parameters such as reheating temperature 
and interpass time significantly affect both of the TNR and static recrystallization kinetics. 
Solute drag effect (especially of Nb and Mo) is the prime mechanism responsible for the 
retardation of static recrystallization, as the relaxation tests indicate no signs for 
precipitation. The role of deformation-induced dynamic precipitations in retardation of 
static recrystallization by applying small interpass times needs further verifications and 
could not be safely considered as a retardation mechanism. The state of Nb(CN) 
precipitations determines the extent of Nb-solute drag effect and the driving force for 
deformation-induced precipitation. The TNR increases as the reheating temperature 
increases due to the stronger Nb-solute drag effect; in addition to, the high level of Nb-
supersaturation. Low reheating temperature implies the presence of undissolved coarse 
precipitates which may act as nucleation sites for static recrystallization leading to a 
decrease in TNR. Furthermore, decreasing the interpass time involves the incomplete 
static recrystallization between the early deformation passes and increasing the TNR. The 
Nb-Mo-alloyed weathering-DP grade shows higher TNR values than Nb-alloyed 
weathering-DP grade does due to the increased solute drag effect by the combined Nb-
Mo addition. The synergetic effect of Mo-Nb combined addition on elevating the TNR is 
quantitatively determined to be about 20°C regardless the interpass time. A reheating 
temperature of not less than 1200 °C and interpass time of not more than 12s can 
assure the thermomechanical hot-rolling of both Nb and Nb-Mo weathering-DP grades.  
The weathering-DP grade exhibits an increased tendency to microstructural banding on 
cooling by applying longer t8/5 due to local variation in Ar3 caused by the segregation of Si 
and Mn. Determination of the Tq temperature by means of lever rule based on dilatation 
data is alienated by C partitioning during ferrite transformation and segregation of 
alloying elements. However, a more reliable determination of Tq is accomplished with the 
help of quantitative metallography. 
A prediction about the mechanical properties could be made utilizing the mini-flat tensile 
specimens from the laboratory-scale thermomechanical treated blocks.  
 
 83 
 
 
 
5. Process window and pilot-scale hot rolling processes 
 
5.1. Scope and objectives 
This chapter provides details about how the process window was designed based on the 
laboratory-scale thermomechanical simulation results. The capabilities of the reversing 
rolling stand at the pilot-hot rolling plant (where the investigated grades were later rolled 
down into sheets) were considered during the process window design. 
Preliminary pilot hot rolling trials were carried out in order to collect sound information 
about the applicable processing parameters that could generally be applied. These 
parameters included; maximum achievable reduction per pass, the total number of 
passes, interpass time, temperature control, deformation and how the cooling regime 
could be controlled. Based on the applicable processing parameters (stablished by 
preliminary trials) different thermo-mechanical schedules and cooling strategies were 
tested on laboratory scale to adjust the targeted microstructures. Finally, the most 
successful laboratory-scale processing parameters were transferred to the pilot scale. 
The main goal is the identification of the feasible processing window upon which different 
rolling schedules and cooling strategies could be developed and tested at laboratory-
scale to adjust the proper microstructures before the most successful tested parameters 
being transferred to the pilot-scale hot rolling plant.  
5.2. Defining the applicable processing parameters by preliminary trials 
A set of preliminary hot-rolling trails was carried out to identify the applicable processing 
parameters before designing the final rolling schedules. These preliminary trials gave a 
real picture how the whole pilot hot-rolling process should be run and minimized the 
occurrence probability of unexpected troubles during the real trials. These parameters 
are basically: the temperature control during hot rolling processes, the total number of 
rolling passes required to achieve the finial thickness, the applicable reduction per pass 
in the high temperature range as well as in the low one, the minimum achievable 
interpass time, the handling of the rolling stocks from pass to pass and the proper 
cooling strategy. 
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The preliminary trials were carried out in two sets. The applied rolling schedules were 
developed considering the controlled-thermomechanical rolling concept which implies 
carrying out the finishing rolling below TNR. The applicable deformation degrees in lower 
and upper temperature ranges as well as the number of passes to reach the predefined 
thickness (based on the present capabilities of the rolling stand) were initially discussed 
with SZMF-team and modified afterwards according to the outcomes. 
5.2.1. Reheating temperature 
Being the reheating of rolling stocks the first step of the hot rolling processes, different 
reheating temperatures were tested to define the proper one to which the rolling stocks 
should be heated up before conducting the rolling schedules. The initial austenite grain 
size and the state of precipitates were the determining factors upon which the reheating 
temperature was set specially for Nb-microalloyed G2 and G3 grades. However, R and 
G1 grades do not contain any microalloying elements which their solution temperatures 
must be considered during reheating. Nevertheless, the reheating temperatures were 
adjusted to enable the hot rolling processes to be conducted without intermittent 
reheating. 
To determine the initial grain size at different reheating temperatures, normal dilatometer 
specimens were austenitised at 1150, 1200 and 1250 °C with a heating rate of 200 
K/min and holding time of 300s followed by cooling at the maximum rate using helium. 
Fig. 5-1 shows the recorded micrographs and the measured grain sizes of G2 (Nb-
alloyed) and G3 (Nb-Mo-alloyed) grades after being reheated at different temperatures. It 
is found that increasing the reheating temperature from 1150 to 1200 °C results in small 
increase in the average grain size of G2 grade, while the average grain size of G3 grade 
almost two times coarser4. However, by reheating at 1250 °C the average grain size of 
both G2 and G3 grades is substantially increased compared with that developed at 1150 
and 1200 °C. According to the solubility products of NbC and Nb(CN) developed by 
Irvine [Irv67], their solution temperatures are 1162 and 1192 °C, respectively such as 
indicated in Fig. 4-21. This implies the incomplete dissolution of NbC and Nb(CN) 
precipitates at 1150 °C, which explains the relatively small average and bimodal grain 
size exhibited by reheating at that temperature. Reheating at 1250 °C results in 
pronounced grain growth for both grades as indicated from the measured average grain 
sizes. Therefore, reheating at 1200 °C represents a compromise to avoid the excessive 
grain growth occurred at 1250 °C and the incomplete solubility of precipitates due to 
reheating at 1150 °C.  
                                               
4 The effect of Mo addition on solubility of NbC and Nb(CN) was discussed in section 4.4.2.3 
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G2 G3 
1150 °C 
min. 21.28 µm / max.121.06 µm 
ave. 57.42 µm / st.dev. 23.88 
1150 °C  
min. 18.06 µm / max.151.25 µm 
ave. 51.05 µm / st.dev. 31.72 
  
1200 °C 
min. 14.95 µm / max.148.54 µm 
ave. 67.38 µm / st.dev. 30.18 
1200 °C  
min. 45.49 µm / max.188.03 µm 
ave. 97.35 µm / st.dev. 35.12 
  
1250 °C 
min. 47.54 µm / max.390.29 µm 
ave. 193.75 µm / st.dev. 83.21 
1250 °C  
min. 120.32 µm / max. 396.50 µm 
ave. 238.25 µm / st.dev. 71.61 
  
Fig. 5-1: Austenite grain size developed by reheating at different temperatures for G2 and G3 
grades 
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The recorded dark field micrograph represented in Fig. 5-2 shows  the developed grain 
size after reheating at 1200 °C for G1 grade. The measured average grain size is 
relatively larger than that of G2 and G3 grades. However, concrete average grain size for 
R grade could not be determined by quenching and etching method as the developed 
microstructure was not pure martensite.   
During performing the preliminary trials it was noted that the displayed furnace 
temperature dropped after opining to place the rolling stocks, and it took about 20 min to 
reach the preset temperature again. Consequently, the furnace temperature was 
adjusted at 1220 °C to avoid the likelihood of the incomplete solubility of Nb(CN) due to 
decrease in furnace temperature by opining. 
G1 
1200 °C 
min. 47.49 µm / max.261.52 µm 
ave. 150  µm / st.dev. 51.65 
 
Fig. 5-2: Dark field micrograph for measuring the grain size at 1200 °C for G1grade 
5.2.2. Interpass time and temperature control 
On designing a thermomechanical rolling schedule, the interpass time must be adjusted 
because it has direct effect on recrystallization kinetics and TNR as explained in Chapter 
4. It is found that decreasing the interpass times leads to an increase in the TNR. The 
multi-pass compression tests indicated that TNR for Nb-microalloyed grades is about 
950 °C if the applied 12s. In addition, the recrystallization kinetics revealed that it takes 
around 10s at 1050 °C till the microstructure fully recrystallizes.  
Since the employed rolling stand is a reversing one, the first set of preliminary trials 
aimed basically at finding out the optimum way to maintain a uniform temperature along 
the rolled sheets, figuring out how the temperature control looks like and estimating the 
applicable interpass time. A uniform temperature distribution along the rolled sheets was 
accomplished by carrying them over the upper roll to the input side after each pass such 
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as explained schematically in Fig. 3-8. Applying this handling technique, a one direction 
rolling process was assured leading to a better temperature distribution to be achieved. 
The rolling schedule of the first set of preliminary trials consists of seven successive 
passes as could be realized from the applied processing parameters listed in Table 5-1. 
The first set of trials was conducted on dummy blocks with similar dimensions of the 
original targeted materials. 
Table 5-1: Processing parameters applied for the first set of preliminary trials 
Pass (No.) T (°C) h1 (mm) Δh (mm) ε (%) ld (mm) 𝜑 ?̇? (1/s) 
  
ho = 20 
     
1 1100 13 7 35.00 34.50 -0.431 5.83 
2 1050 8.5 4.5 34.62 27.66 -0.425 7.17 
3 1000 6 2.5 29.41 20.62 -0.348 7.88 
4 960 4.5 1.5 25.00 15.97 -0.288 8.41 
5 920 4 0.5 11.11 9.22 -0.118 5.96 
6 880 3.5 0.5 12.50 9.22 -0.134 6.76 
7 840 3 0.5 14.29 9.22 -0.154 7.80 
 
Where: 
T: temperature 
ho: the original thickness of rolling stock 
h1: the initial thickness before each pass. 
Δh: reduction in thickness per each pass. 
ε: percent reduction in thickness = 
∆ℎ
ℎ1
𝑥100 
𝜑: true strain = ln (
ℎ𝑜
ℎ1
) 
ld: rolling length =  √𝑅. ∆ℎ 
Vu: peripheral speed = 2 ∗ 𝜋 ∗ 𝑛 ∗ 𝑅 
R: the roll radius. 
n: number of rounds per minute. 
?̇?: strain rate =  
𝑉𝑢
𝑙𝑑
∗ 𝜑 
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Based on the observations of the first set (as could be seen Fig. 5-3), it could be 
established that:   
 The shortest achievable interpass time is about 8s which represents the sum of 
rolling time (in the roll gap) and the handling time (to carry the rolling stock over 
the upper roll after each pass to the input side). 
 The temperature drop after the first pass is very small due to the fact that the 
rolling stock is still relatively thick and the temperature decreases at a slow rate. 
 The temperature drop after the second and third passes is about 55 °C; however, 
it is about 85 °C after the fourth and fifth passes. In spite of the lower 
temperatures compared with the previous passes, the cooling rate after the fourth 
and fifth passes increases due to the larger area and smaller thickness of the 
rolled sheet.  
 Conducting the rolling process in seven passes involves very low finish 
temperatures as indicated from the sixth and seventh which correspond to 780 
and 700 °C, respectively. 
 
Fig. 5-3: Representative curve of the recorded temperatures and rolling forces during the first set 
of preliminary trials 
5.2.3. Cooling strategy  
The second set of preliminary trials was conducted to test the cooling possibilities after 
the last rolling pass. Two blocks of the targeted materials (G1 and G3 grades) were used 
to perform these trials. The trials were conducted according to the schedule listed in 
Table 5-2 which consisted of six passes this time. However, the first trial of this set (on 
G1 grade) was performed by mistake in five passes instead of six passes. The rolling 
forces and temperature control for both trials are represented in Fig. 5-4.  
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Table 5-2: Processing parameters applied for the second set of preliminary trials 
Pass (No.) T (°C) h1 (mm) Δh (mm) ε (%) ld (mm) 𝜑 ?̇? (1/s) 
  ho = 20      
1 1100 13 7 35.00 34.50 -0.431 5.83 
2 1075 8.5 4.5 34.62 27.66 -0.425 7.17 
3 1050 6 2.5 29.41 20.62 -0.348 7.88 
4 980 4.75 1.25 20.83 14.58 -0.234 7.48 
5 900 3.75 1 21.05 13.04 -0.236 8.46 
6 800 3 0.75 20.00 11.29 -0.223 9.22 
 
 
Fig. 5-4: The recorded temperatures and rolling forces during the second set of preliminary trials 
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In case of G3 grade, the rolling forces are obviously higher than that required for G1 
grade due to the difference in the alloying concepts. Consequently, during rolling of G3 
grade (Nb-Mo alloyed) the rolling gap opened up (uncontrolled) more than that happed in 
case of G1 grade, which led to different final thicknesses 3.5 and 3.1 mm, respectively 
although the rolling schedule was the same.  
The rolling schedule that consists of six passes involves a low finishing rolling 
temperature (almost 700 °C) such as observed during the first set of preliminary trials; 
however, the rolling schedule of five passes enables the adjustment of the finishing 
temperatures to the developed schedule. Based on the recorded temperatures with time, 
the temperature decreased at a rate of about 10 K/s in the low temperature range (below 
TNR). 
After the last rolling pass, the rolled sheet was immediately fed into the cooling section 
under which the cooling rate could be estimated by controlling the feeding speed and the 
flow rate of the falling water. A step cooling strategy that consists of rapid cooling from 
the last deformation temperature down to the ferrite transformation temperature followed 
by holding for a certain time then quenching in water was tested. It is established that the 
time required to transport or to feed the rolled sheet into the cooling section was about 
3-4s which caused in temperature drop of about 30 °C below the finishing temperature. A 
relatively high feeding speed of 0.7 m/s along with the minimum water flow rate (upward 
of 183 l/min and downward of 200 l/min) that assured a uniform cooling over the cross 
section of the rolled sheet were applied. The temperature drop due to cooling under 
these conditions is about 170 °C which involves a run out table temperature (holding 
temperature for ferrite formation) of 610 °C when the finish rolling temperature was 
820 °C. Such cooling conditions imply a very high cooling rate which might be higher 
than that could be achieved on laboratory scale. Keeping the previous mentioned 
feeding speed and water flow rate constant, the run out table temperature could be 
adjusted depending on the finish rolling temperature.  
5.2.4. Processing window based on preliminary trails 
 Constant reheating time for all rolling stocks (with minimum energy consumption) 
could be achieved by successive placement of the rolling stocks with 10 min time 
intervals in the reheating furnace.  
 The furnace temperature is to be set as 1220 °C to compensate the decrease in 
its temperature which occurred during the placement of the rolling stocks. 
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 For better temperature control and in order to accomplish the rolling processes 
without intermediate reheating the start rolling temperature should be 1100 °C 
and the number of deformation passes should be reduced to 5 instead of 7 
passes. 
 For G2 and G3 grades, two deformation passes below TNR (i.e. below 950 °C) 
could be performed each with 25% reduction in thickness. However, in the upper 
temperature range (the first three passes) the percent reduction in thickness per 
pass could reach 35% without problems in rolling forces. 
 Interpass time of about 10s could be adjusted below TNR (950 °C), which leads to 
temperature drop of ~100 °C from pass to pass. However, the first three rolling 
temperatures should be adjusted regardless the interpass time for better 
temperature control of the subsequent two rolling passes. Generally, the first 
three deformation passes are to be performed in the upper temperature range 
(i.e. not lower than 1000 °C). 
 On rolling of G3 (Nb-Mo-alloyed) grade, the rolling gap at the final pass should be 
adjusted to a smaller opining than the required final thickness. With trial and error 
the right opining gap at the last pass was defined.  
 The step cooling strategy based on the current capabilities of the cooling unit 
should be tested whether it could enable the adjustment of the targeted 
microstructure or it has to be modified. The minimum applicable water flow rate 
that ensured a uniform cooling over the cross section of the rolled sheet has 
resulted in a real high cooling rate. A temperature drop of about 170 °C after 
applying step cooling strategy involves a low holding temperature on the run out 
table and puts limitations on the applicable holding time (maximum 20s) due to 
the temperature decrease with time. 
5.3. Real-process-based thermomechanical simulation experiments 
With the help of the preliminary hot-rolling trials the process window could be figured out 
in terms of the temperature control, number of the deformation passes and 
corresponding deformations degrees and the applicable cooling strategies. Accordingly, 
three deformation passes are to be performed in the upper temperature range (i.e. above 
TNR for G2 and G3 grades) at three successive temperatures with 50 °C step decrease; 
namely 1100, 1050 and 1000 °C; in addition, two other passes are to be performed in the 
lower temperature range (below 1000 °C) aiming at conditioning the austenite. Based on 
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the outcomes of the preliminary rolling trials, the reduction in thickness should be less 
than 30% on the last two passes; however it may exceed 35% on deformation in the high 
temperature range. The proposed rolling schedule that mirrors this perspective is given 
in Table 5-3.  
To this end, the next step is to examine (on laboratory scale) to which extent the 
proposed rolling schedule and the cooling strategy could lead to the targeted 
microstructure. However, the proposed schedule involves the application of total 
deformation degree of 1.9 which is not possible on the laboratory scale, since 1.2 is the 
maximum applicable one on laboratory scale. Therefore, an adjustment of the total 
deformation degree had to be made before carrying out the thermomechanical 
experiments that simulate the real process. Moreover, the possible cooling strategies in 
view of preliminary trials had to be tested whether they could enable the adjustment of 
the required microstructure or not. These two issues will be discussed in the following 
two sections. 
Table 5-3: The proposed rolling schedule based on processing window defined by preliminary 
trials 
Pass T (°C) h1 (mm) Δh (mm) ε (%) ld (mm) 𝜑 ?̇? (1/s) 
  
ho = 20 
     
1 1100 13 7 35.00 34.50 -0.431 5.83 
2 1050 8 5 38.46 29.16 -0.486 7.77 
3 1000 5.5 2.5 31.25 20.62 -0.375 8.48 
4 950 4 1.5 27.27 15.97 -0.318 9.31 
5 850 3 1 25.00 13.04 -0.288 10.30 
5.3.1. Adjustment of total applied deformation degree 
As pointed out, the problem is how to adjust the total deformation degree of 1.9 to 1.2 
during the laboratory scale thermomechanical simulation experiments. It is common 
knowledge that the finish rolling temperatures and the corresponding applied 
deformation degrees are key processing parameters that affect the phase transformation 
kinetics and the subsequent resulted microstructure and mechanical properties. 
Moreover, in the upper temperature range (above TNR in case of G2 and G3) the 
microstructure undergoes a full or partial recrystallization after each pass, which mostly 
affects the grain size and mean flow stress. Considering these two facts, an approach is 
adopted to adjust the total deformation degree consisting of: 
 Keeping the deformation degrees of the last two passes constant 
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 Achieving a similar recrystallization state in the upper temperature range (due to 
the first three passes) by trying different combinations of temperature and 
applicable deformation degree. 
The deformation degrees of the last two passes of rolling process together account for 
about 0.61 plane strain which is equivalent to about 0.7 homogenous strain5 during 
thermomechanical simulation on dilatometer or TTS. This would mean that the 
recrystallization state in the upper temperature range had to be simulated by applying a 
deformation degree of 0.5 (the remaining applicable deformation degree). The 
deformation conditions of first three passes of the real process listed in Table 5-3 were 
slightly modified such as given in Table 5-4 to fit for the dilatometer capabilities and then 
thermomechanical simulated according to thermal cycle shown in Fig. 5-5 a. By trial and 
error it was found the measured grain size and stress level of the real process could be 
achieved to a great extent by performing two successive deformation passes at 1000 °C 
with interpass time of 12s according to the thermal cycle shown in Fig. 5-5 b. The 
corresponding applied deformation parameters are given in Table 5-5. This adjustment is 
achieved depending on the obtained results of several trials which indicated that the 
grain size approaches that of the real process as the deformation temperature 
decreases. Furthermore, the tendency to form bimodal grain size and the mean flow 
stress decreases when the static recrystallization is allowed to take place more than 
once. 
Table 5-4: The processing parameters applied to simulate the first three passes of the real 
process 
Pass (No.) T (°C) 𝜑 𝜑 ̇ (1/s) 
1 1100 -0.4 6 
2 1050 -0.425 8 
3 1000 -0.375 8.5 
 
                                               
5 According to Von Mises, homogenous strain = 1.15 x plane strain 
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Fig. 5-5: Schematic representation of the thermal cycles applied to adjust the total deformation 
degree. a) the first three passes according to the real process and b) the proposed adjustment 
that achieves comparable grain sizes 
Table 5-5: The deformation passes that resulted in a comparable grain size to the first three 
passes of the real process 
Pass (No.) T (°C) 𝜑 𝜑 ̇ (1/s) 
1 1000 -0.2 8.5 
2 1000 -0.3 8.5 
 
As an example, the resulted values for G3 grade after simulating both of the first three 
passes of the real process and the proposed adjustment are listed in Fig. 5-6. The 
average resulted grain size of the proposed adjustment accords to a great extent with 
that resulted from the first three passes of the real process. However, the mean flow 
stress (MFS) of the proposed adjustment exhibited a relatively higher value than that of 
the real process. This could be due to the incomplete static recrystallization after the first 
pass that carried out at the same temperature of 1000 °C. According to the determined 
TNR of G3 grade (almost 970 °C with tip of 12s such as explained in chapter 4); the 
applied deformation temperature of 1000 °C and interpass time of 12s could involve 
partial recrystallization, which explains the obtained bimodal grain size. It was tried to 
elevate the temperature of the first pass to 1050 °C and/or increase the interpass time to 
reduce the resulted mean flow stress but the resulted grain size deviated extremely from 
the targeted one. 
Based on the established results, the first three deformation passes of the real process 
could be replaced by two successive passes at 1000 °C with interpass time of 12s during 
the thermomechanical simulation experiments. In such a way the total deformation 
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degree during the real rolling process is adjusted to the capabilities of the laboratory-
scale thermomechanical simulation facilities.  
 
According to the first three passes of the real process  
min. 9.15 µm / max. 53.52 µm 
ave. 25.64 µm / st.dev. 11.58 
 
 
 
According to the proposed adjustment 
min. 7.07 µm / max. 68.35 µm 
ave. 24.80 µm / st.dev. 13.69 
 
 
 
Fig. 5-6: The average measured grain sizes and mean flow stresses according to the first three 
passes of the real process and the proposed adjustment (for G3 grade) 
5.3.2. Adjustment of microstructure in light of applicable cooling strategies  
After the total deformation degree had been adjusted, the whole proposed rolling 
schedule (listed in Table 5-3) could be run to test the proper cooling strategy that 
enables the adjustment of the targeted DP microstructure keeping in mind the applicable 
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time-temperature window at the pilot hot rolling plant. The biggest challenge is to 
develop the proper amount of ferrite (~ 70-80 vol.%) on the run out table before 
quenching in water. Based on the capabilities of the cooling unit at the pilot hot rolling 
plant besides the established phase transformation behaviors of the investigated steel 
grades (discussed in chapter 4) two different cooling strategies, namely step cooling 
(SC) and continuous cooling (CC) are examined to adjust the DP microstructure. 
Schematic representation for both of them is depicted in Fig. 5-7.  
 
 
Fig. 5-7: Schematic representation of the investigated strategies to adjust the targeted DP 
microstructure 
5.3.2.1. Step cooling strategy 
Simulation of this cooling strategy comprises three successive stages:  
1) After conducting the last deformation pass, the maximum cooling rate (using 
helium) was applied, that was almost comparable to the applicable cooling rate 
on the run out table at the pilot hot rolling plant. 
2) Holding at the so-called holding temperature to allow ferrite transformation to 
proceed. 
3) Rapid cooling to force the remained austenite to transform into martensite. 
Different combinations of holding time and temperature were applied to follow the 
kinetics of ferrite transformation. The applied thermal cycle and the associated holding 
times and temperatures for testing the step cooling strategy are shown in Fig. 5-8 and 
Table 5-6, respectively. The first three passes were carried out according to the 
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adjustment proposed in the previous section. The 4th and 5th passes were conducted 
according to the proposed rolling schedule indicated in Table 5-3 but the homogenous 
strains were applied instead of plane strains. The quantitative metallographic 
investigations on the treated specimens were utilized afterwards to identify the kinetics of 
ferrite based on the real formed ferrite amounts for different combinations of holding time 
and temperature.  
 
Fig. 5-8: The applied thermal cycle to adjust the DP microstructure by applying a SC strategy 
Table 5-6: The different time-temperature combinations applied to adjust the DP microstructure by 
SC strategy 
SC 
Th (°C) 730 690 670 650 610 
th (s) 20, 300 2, 10, 20 5, 10, 20 5, 10, 20 20, 300 
The resulted microstructure constituents for each pair of holding time and temperature 
for G1 and G2 grades are listed in Table 5-7 and Table 5-8 , respectively. However, for 
G3 grade the microstructure consisted mostly of martensite and the ferrite content 
ranged from 1 to 4 vol.% for all tested holding times and temperatures except for 300s. 
Holding for such a long time resulted in formation of 42 vol.% at 610 °C and 33 vol.% at 
730 °C.  
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Table 5-7: Microstructure constituents of G1 grade resulted from laboratory-scale simulation by 
applying a SC strategy with different combinations of holding time and temperature. (F: ferrite, P: 
pearlite and M: martensite) 
F / P / M, vol.% - (SC) – G1 
              th (s)   
Th (°C) 
5 10 20 300 
730 x x 24 / - / 76 52 / - / 48 
690 25 / - / 75 28 / - / 71 49 / - / 51 x 
670 22 / - / 78 46 / - / 54 51 / - / 49 x 
650 21 / - / 79 45 / - / 55 55 / - / 45 x 
610 x x 65 / 2 / 33 39 / - / 61 
Table 5-8: Microstructure constituents of G2 grade resulted from laboratory-scale simulation by 
applying a SC strategy with different combinations of holding time and temperature. (F: ferrite, P: 
pearlite and M: martensite) 
F / P / M, vol.% - (SC) – G2 
              th (s)   
Th (°C) 
5 10 20 300 
730 x x 2 / - / 98 46 / - / 54 
690 12 / - / 88 21 / - / 79 26 / - / 74 x 
670 15 / - / 85 23 / - / 77 38 / - / 62 x 
650 16 / - / 84 19 / - / 81 34 / - / 66 x 
610 x x 32 / - / 68 63 / 2 / 35 
The ferrite kinetics during applying the SC strategy is identified based on the quantitative 
metallography results of the laboratory-scale simulation experiments for each of the G1, 
G2 and G3 grades. Fig. 5-9 illustrates to what extent the SC strategy could promote the 
formation of ferrite in view of the applicable holding time-temperature window at the pilot 
hot rolling plant. According to what established from the preliminary trials, the maximum 
applicable holding time is about 20s due to temperature decrease with, and the holding 
temperature could range between 650 to 600 °C with varying the finishing rolling 
temperature from 850 to 800 C. As could be seen from the developed kinetics curves, 
the maximum attainable ferrite for G1 grade in the applicable holding time-temperature 
window is about 65 vol.% at 610 °C for 20s. However, for G2 grade the ferrite kinetics is 
relatively slower, since the maximum amount of ferrite is about 34 vol.% at 650 °C for the 
same holding time. In case of G3 grade, a very little amount of ferrite was formed under 
the applicable holding time-temperature window. Fig. 5-10  represents the developed 
microstructures of G1, G2 and G3 grades after processing by SC strategy at laboratory-
scale.  
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Fig. 5-9: The ferrite kinetics based on the developed microstructure using step cooling strategy by 
applying different holding times and temperatures for G1, G2 and G3 grades 
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Fig. 5-10: Micrographs representing the maximum attainable amounts of ferrite in the applicable 
holding time-temperature window by applying SC strategy for G1, G2 and G3 grades 
G1 grade
Held at 610°C 
for 20 s
F: 65 vol.%
P: 2 vol.%
M: 23 vol.%
G2 grade
Held at 650°C 
for 20 s
F: 34 vol.%
P: --
M: 66 vol.%
G3 grade
Held at 650°C 
for 20 s
F: 3 vol.%
P: --
M: 97 vol.%
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Although G1 grade attains a considerable amount of ferrite (65 vol.%) by SC strategy, it 
is not the proper required fraction to adjust the DP microstructure, particularly the 
temperature fluctuations and the high cooling rate before holding on the run out table 
during real processing might lead to formation of even lower ferrite fractions. This is 
confirmed by the developed microstructure of the preliminary hot rolling trial carried out 
on G1 grade, since it exhibits a microstructure of about 60 vol.% ferrite and 40 vol.% 
martensite as indicated in Fig. 5-11. On this trial the rolled sheet was held at 610 °C for 
10s and the finish rolling temperature was about 820 °C as could be seen from the rolling 
temperatures shown in Fig. 5-4 (G1) of the second set of preliminary trials .  
 
Fig. 5-11: The microstructure of G1 grade after cooling by SC strategy (preliminary trial).The finish 
rolling temperature is about 820 °C and the holding temperature and time on the run out table are 
610°C and 10s, respectively. The microstructure comprises 60 vol.% ferrite and 40 vol.% 
martensite  
The ferrite kinetics of G2 grade emphasizes the unsuitability of SC strategy for 
adjustment of the targeted DP microstructure under the applicable holding time-
temperature window. Furthermore, the situation is more complicated for G3 grade to 
form ferrite, but in this case the chemical composition of G3 grade with a 0.36 wt.% Mo 
content plays a more significant role in determining the ferrite kinetics than the conditions 
of SC strategy do.  
To this end, under the applicable time-temperature window of the SC strategy the 
austenite to ferrite transformation exhibited a delayed kinetics to a modest, moderate 
and great extent for G1, G2 and G3 grades, respectively. Such behaviors could be 
generally attributed to the additional stabilizing effect of Cu and Ni (a part of the 
weathering concept) besides the C and Mn, which resulted in a decrease in the ferrite 
start temperature and an increase in the incubation period of the austenite to ferrite 
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transformation. In addition to, the drag effect exerted due to the presence of a 
considerable amount substitutional atoms such as Si, Mn, P, Cr, Ni and Cu. These 
results go hand in hand with the established phase transformation behaviors for the G1, 
G2 and G3 grades in Chapter 4. Particular effects of Nb and Nb-Mo alloying concepts 
are observed during adjustment of microstructure by SC strategy. Ferrite transformation 
is retarded in presence of Nb as either solute atoms in solution or Nb(CN) precipitates. 
Different studies established the retardation of ferrite transformation due to solute drag 
effect and pinning effect of precipitates  [Ami81, Fos95, Man96, Sue96, Lee99, Fur10, 
Jia15]. However, Nb(CN) precipitates could also accelerate the ferrite kinetics by 
removal of the Nb atoms and providing the potential nucleation sites [Ree95, Yua06]. 
The D-CCT diagram of G3 grade shows a more significant delay in ferrite kinetics than 
observed for G2 grade due to the combined addition of Nb and Mo. The substantial 
increase in austenite stability by Mo addition leads to a retardation of ferrite 
transformation even by applying a very long holding time (300s). The retardation of 
ferrite transformation by Mo addition was stablished by many authors [Rey90, Har04, 
Isa11, Mil14].  
It is common that the DP microstructure during hot rolling processes can by adjusted by 
applying a SC strategy [Woz87, Cos99, Ble14b], since the accelerated cooling step 
implies the lowering of Ar3 temperature and increasing the undercooling leading to an 
increase in ferrite nucleation rate [Man96]. However, not only the processing conditions 
are the dominant parameters in microstructure adjustment but also the alloying concept 
as it is established from the present results. Since the under investigation alloying 
concepts designed primarily to achieve an enhanced atmospheric corrosion resistance 
beside a good strength-ductility balance, their phase transformation behaviors (ferrite 
kinetics) make it difficult to adjust a DP microstructure by applying a SC strategy for G1 
and G2. This provokes the thought about another cooling strategy to adjust the DP 
microstructure (as will be introduced in the following section). However, for G3 grade it is 
difficult to achieve a DP microstructure because of its Mo content. Therefore, its 
microstructure is adjusted to a complex phase microstructure.  
5.3.2.2. Continuous cooling strategy 
Due to retardation of ferrite transformation on applying the SC strategy under the 
applicable time-temperature window at the pilot hot rolling plant, the CC cooling strategy 
is proposed aiming at providing a sufficient time for ferrite transformation to proceed. 
Such strategy is developed depending on the characteristics of the continuous cooling 
transformation diagrams which used in Chapter 4 to study the phase transformation 
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behavior of the investigated steel grades. The D-CCT diagrams of G1 and G2 grades 
show that considerable amounts of ferrite could form by applying moderate cooling rates 
that nearly correspond to air cooling.  The basic idea behind applying this strategy is to 
let the austenite decomposition during a moderate continuous cooling to proceed 
through the ferrite transformation region (established by D-CCT diagrams) so that the 
required amount of ferrite could be formed. On reaching the ferrite finish transformation 
temperature (about 600 °C); a rapid cooling is to be applied to force the remaining 
austenite to transform into martensite leading to adjustment of the DP microstructure. To 
put this thought into practice, a set of thermomechanical simulation experiments are 
designed to test the possibility of adjusting the DP microstructure by applying a CC 
strategy. The parameters that could affect the ferrite transformation by CC strategy are 
the finishing rolling temperatures (4th and 5th passes), the available time for ferrite 
transformation i.e. the cooling rate represented in t8/5 and the quenching temperature. By 
trial and error the optimum combination of these parameters that leads to the proper 
microstructure adjustment is established. The used thermal cycle for testing the CC 
strategy is given in Fig. 5-12, and the corresponding parameters are listed in Table 5-9.  
 
Fig. 5-12: Schematic representation of the thermal cycle used to adjust the DP microstructure by 
applying a CC strategy 
Table 5-9: The established parameters used to adjust the DP microstructure by CC strategy 
CC 
T4 (°C) T5 (°C) t8/5 (s) 
900 800 60 
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For G2 grade, the metallographic investigations of the initial trials reveal that the 
proposed CC strategy results in formation of larger ferrite fraction compared with SC 
strategy. By applying the same finishing temperatures (T4 of 950 °C and T5 of 850 °C) 
and corresponding deformation degrees (𝜑4 of 0.37 and 𝜑5 of 0.33), the CC strategy with 
t8/5 of 45s and rapid cooling from 600 °C achieves about 60 vol.% ferrite, while the 
maximum content achieved by SC strategy in the applicable time-temperature cooling 
window is about 34 vo.%. For CC strategy, decreasing the finishing rolling temperatures 
from (T4 of 950 °C and T5 of 850 °C) to (T4 of 900 °C and T5 of 800 °C) with keeping the 
cooling rate constant (t8/5 of 45s) does not cause in an effective increase in amount of 
formed ferrite but resulted in more fine ferrite grain size such as indicated in Fig. 5-13. 
Therefore, a longer cooling time with t8/5 of 60s (almost corresponds to air cooling) was 
applied to allow the ferrite to proceed even further. The result was very promising as the 
resulted microstructure comprised a fine ferrite of about 72 vol.% and martensite of 
28 vol.% as could be recognized from Fig. 5-14.   
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Fig. 5-13: The microstructure developed for G2 grade by applying a CC strategy with t8/5 of 45s 
and different finishing temperatures a) T4 of 900 °C and T5 of 800 °C, b) T4 of 950 °C and T5 of 
850 °C. Almost the same ferrite fraction but smaller grain size is achieved by lower finishing 
temperatures 
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Fig. 5-14: The microstructure of G2 grade resulted by applying a CC strategy with t8/5 of 60s and 
finishing temperatures of T4 900 °C and T5 of 800 °C. The microstructure comprises about 72 
vol.% ferrite and 28 vol.% martensite a) etched with Nital b) etched with Klemm (white and light 
areas indicate martensite while blue, dark blue/brawn areas are ferrite) 
The same schedule consisted of T4 of 900 °C, T5 of 800 °C and t8/5 of 60s followed by 
rapid cooling from 600 °C was also applied on G1 and G3 grades. Fig. 5-15 points out 
the resulted microstructure of G1 grade by applying the described CC strategy. A 
pronounced effect of CC strategy on ferrite kinetics can be recognized from the 
developed microstructure which comprises about 79 vol.% ferrite and 21 vol.% 
martensite. However, the microstructure of G3 grade consists of 4 vol.% ferrite and 
96 vol.% martensite (as shown in Fig. 5-16) by applying the same rolling schedule 
followed by the proposed CC strategy. This emphasizes that a DP microstructure could 
not be adjusted for G3 grade either by applying SC or by CC strategies due to its alloying 
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concept that contains a considerable amount of Mo (0.36 wt.%) delaying the ferrite 
kinetics substantially. The thought was directed after this series of thermomechanical 
simulation experiments to adjust the microstructure of G3 grade as a complex phase 
(CP) microstructure by applying a CC strategy without rapid cooling step to let a bainitic 
ferrite matrix to form with martensite islands. This thought was inspired from the CCT 
diagrams shown in Fig. 4-9.  
 
 
Fig. 5-15: The microstructure of G1 grade resulted by applying a CC strategy with t8/5 of 60s and 
finishing temperatures of T4 900 °C and T5 of 800 °C. The microstructure comprises about 79 
vol.% ferrite and 21 vol.% martensite a) etched with Nital b) etched with Klemm (white and light 
areas indicate martensite while blue, dark blue/brawn areas are ferrite) 
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Fig. 5-16: The resulted microstructure of G3 grade by applying the same CC strategy that is 
applied to adjust the DP microstructure of G1 and G2 grades. A little ferrite of about 4 vol.% is 
formed  
Based on the results of such series of thermomechanical simulation experiments it could 
be concluded that the current developed CC strategy with a t8/5 of 60s (corresponds to 
the air cooling) followed by rapid cooling from the ferrite finish transformation 
temperature (about 600 °C) results in adjustment of a DP microstructure which consisted 
of at least 70 vol.% ferrite for both of G1 and G2 grades,  while the microstructure of the 
G3 grade could be adjusted as a complex phase due to the substantial delay in ferrite 
kinetics caused by its high Mo content. 
5.4. Pilot-scale hot rolling processes 
As previously explained, the final hot- rolled sheets were produced in two rolling 
campaigns. The first one aimed at homogenizing and destroying the as-cast structure as 
well as preparing the materials required for the laboratory-scale thermomechanical 
simulation experiments. By this campaign the initial blocks were rolled from 72 mm down 
to 20 mm in seven roughing passes such as explained in section 3.1.3. By the second 
campaign, the initially roughened plates were rolled from 20 mm down to 3 mm in five 
successive passes. The different stages during pilot hot rolling processes are described 
in Fig. 3-7. The handling of the rolling stocks before, during and after the rolling 
processes is illustrated in section 3.3.    
In the second rolling campaign, the most successful laboratory-scale thermomechanical 
simulation results are transferred to the pilot hot rolling plant to produce the hot-rolled 
sheets. The processing window defined by the preliminary rolling trials in terms of; 
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temperature control, applicable deformation degrees and cooling strategies is considered 
during the design of rolling schedules. Particular attention is paid to design the proper 
cooling strategy that assists in microstructure adjustment of each grade. On adjustment 
of a DP microstructure it is important that the cooling rate is low enough to allow the 
ferrite transformation to proceed and at the same time high enough to avoid the pearlite 
transformation. Therefore, much effort is made to design the suitable cooling strategy 
that enabled the proper adjustment of the DP microstructure for G1 and G2 grades and 
CP microstructure for G3 grade. This issue is thoroughly elaborated in section 5.3.2 by 
means of laboratory-scale thermomechanical simulation experiments for G1, G2 and G3 
grades. 
Being the R grade is a structural steel normally with ferrite microstructures containing a 
little amount of pearlite, it was processed without considering either special cooling 
strategy or prior adjustment of the rolling schedule by thermomechanical simulation 
experiments. Accordingly, the R grade was rolled in the second campaign after the 
schedule listed in Table 5-10 and subsequently air cooled to room temperature. 
However, G1 and G2 grades were thermomechanical rolled according to the rolling 
schedule listed in Table 5-11. Their DP microstructures were adjusted by applying a 
continuous cooling strategy (air cooling) down to 600 °C followed by quenching in water 
bath with a temperature of about 25 °C. The CP microstructure of G3 grade was 
adjusted by rolling according to the schedule given in Table 5-12 which involves a 
relatively higher deformation degrees below TNR to promote somehow 10 – 15 vol % 
ferrite followed by air cooling that favored the formation of bainitic matrix with martensite 
islands as will be indicated in Chapter 6. 
Table 5-10: The rolling schedule applied to process R grade 
Pass (No.) T (°C) h1 (mm) Δh (mm) ε (%) ld (mm) 𝜑 ?̇? (1/s) 
  ho = 20      
1 1150 13 7 35.00 34.50 -0.431 5.83 
2 1100 8 5 38.46 29.16 -0.486 7.77 
3 1050 5.5 2.5 31.25 20.62 -0.375 8.48 
4 950 4 1.5 27.27 15.97 -0.318 9.31 
5 850 3 1 25.00 13.04 -0.288 10.30 
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Table 5-11: The rolling schedule applied to process G1 and G2 grades  
Pass (No.) T.(°C) h1 (mm) Δh (mm) ε (%) ld (mm) 𝜑 ?̇? (1/s) 
  ho = 20      
1 1100 13 7 35.00 34.50 -0.431 5.83 
2 1050 8 5 38.46 29.16 -0.486 7.77 
3 1000 5.5 2.5 31.25 20.62 -0.375 8.48 
4 900 4 1.5 27.27 15.97 -0.318 9.31 
5 800 3 1 25.00 13.04 -0.288 10.30 
Table 5-12: The rolling schedule applied to process G3 grade 
Pass (No.) T.(°C) h1 (mm) Δh (mm) ε (%) ld (mm) 𝜑 ?̇? (1/s) 
  ho = 20      
1 1100 14 6 30.00 31.94 -0.357 5.21 
2 1050 9.5 4.5 32.14 27.66 -0.388 6.54 
3 1000 7 2.5 26.32 20.62 -0.305 6.91 
4 900 4.5 2.5 35.71 20.62 -0.442 10.00 
5 800 3 1.5 33.33 15.97 -0.405 11.85 
By means of the fixed pyrometers on each side of the roller table, the surface 
temperatures of the rolling stocks were measured before and after conducting each 
rolling pass. These pyrometers helped to conduct the rolling trials of each grade 
according to the corresponding pre-defined rolling schedules. Examples of the recorded 
thermal cycles and rolling forces are represented in Fig. 5-17. Obviously, the recorded 
temperatures match to a great extent to the pertaining designed rolling schedules. The 
interpass time between each two successive passes ranges in most cases from 
10 to 15s. The rolling forces increases from pass to pass generally due to temperature 
decrease. However, in the high temperature range the rolling force of the 2nd pass is 
higher than that of the 3rd pass because of the fact that the deformation degree of the 
second pass is the highest one.  
After conducting the designed rolling schedules, the rolled sheets were transported by 
means of an extendable roller table to the run out table in order to perform the specified 
cooling strategy for each grade. Using a hand pyrometer the temperature was traced on 
the run of table until the defined quenching temperature (for G1 and G2 grades) was 
reached then the rolled sheets were manually immersed in the water bath located 
directly next to the run out table. However, In case of R and G3 grades the rolled sheets 
were continuously cooled in air down to room temperature.  
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Fig. 5-17: The recorded rolling temperatures and forces during processing of the investigated 
steel grades 
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5.5. Conclusions 
Throughout this chapter an elaborative explanation of how the investigated weathering-
DP grades are successfully processed by pilot hot-rolling processes and how their 
microstructures are adjusted by controlling the cooling strategy. The applicable 
processing window for the weathering-DP grades is designed based on the results of the 
laboratory-scale thermomechanical simulation experiments which are carried out in view 
of the capabilities of the pilot hot-rolling plant. The following summarizes the main 
conclusions of this chapter: 
The optimum temperature control and the suitable interpass time are achieved by 
conducting the specified rolling schedules in five deformation passes. Three passes are 
conducted in the high temperature (above TNR of 950 °C for Nb and Nb-Mo alloyed 
grades) with an average interpass time of 10-15s, which assures the occurrence of full 
recrystallization. Besides, two passes are conducted in the low temperature range 
aiming at conditioning the austenite to induce the ferrite transformation especially in case 
of weathering and weathering-DP (G1 and G2 grades). It is also established that the 
capabilities of the cooling unit in terms of the feeding speed and the applicable water 
flow rate make the adjustment of the required amount of ferrite (~ 75 vol.%) difficult by 
applying a step cooling strategy. The developed microstructure of weathering-DP grade 
after processing by applying a step cooling strategy at pilot plant exhibits a maximum 
ferrite content of 60 vol.%. 
The real-process-based thermomechanical simulation experiments (which performed to 
define the rolling schedule and to design the proper cooling strategy) indicate delayed 
ferrite kinetics on applying a step cooling strategy, whereas the continuous cooling 
strategy provides the adequate time for ferrite transformation to proceed. On laboratory-
scale simulation by applying the step cooling strategy, the maximum attainable ferrite 
fractions for weathering-DP and Nb-alloyed weathering-DP are about 65 and 34 vol.%, 
respectively. However, about 3 vol.% ferrite is developed for the Nb-Mo alloyed 
weathering-DP grade.  
By applying a continuous cooling strategy (air cooling and subsequent quenching from 
600 °C in water bath) a DP microstructure containing at least 70 vol.% ferrite is adjusted 
for the weathering-DP and Nb-alloyed weathering-DP grades. However, a CP 
microstructure is adjusted by continuous cooling to room temperature for the Nb-Mo 
alloyed weathering-DP grade due to the substantial delay in its ferrite kinetics caused by 
the high Mo content (0.36 wt.%). This puts an emphasis on the role of the alloying 
concept in adjustment of the microstructure besides the processing conditions.  
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Finally, the most successful outcomes of the laboratory-scale thermomechanical 
simulation experiments are transferred to the pilot hot-rolling plant to produce the hot-
rolled sheets required for subsequent characterization. 
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6. Characterization of the pilot hot-rolled sheets 
 
6.1. Scope and objectives 
This chapter summarizes the results of mechanical and corrosion testing carried out on 
the pilot hot-rolled sheets. It gives a deep insight into the influence of the alloying 
concepts in conjunction with applied processing parameters on the developed 
microstructures and associated mechanical properties. Moreover, corrosion rate was 
estimated and corrosion products were identified for the investigated weathering-DP 
grades in comparison to reference hot-rolled DP steel.  
The developed microstructures were quantitatively investigated by means of LOM and 
SEM. The general mechanical properties namely, yield/proof strength, tensile strength, 
yield ratio, total and uniform elongation and strain hardening exponent were evaluated by 
tensile testing. The suitability of the hot-rolled sheets for the forming processes which 
involve stretching was established by determining the hole expansion ratio through 
conducting hole expansion tests. Moreover, the susceptibility to failure under bending 
deformation conditions was tested by applying plate bending tests.  
Corrosion rate under cyclic atmospheric corrosion testing conditions was estimated for 
the investigated steel grades in comparison with reference DP steel. The contributions of 
different alloying concepts to the atmospheric corrosion resistance were estimated by 
investigating the alloying elements distribution between the oxide layer and base metal 
using EDS analyses. In addition, the main phases in corrosion products were analyzed 
by means of XRD technique.  
The coupling of characterization tests results together with the developed microstructure 
(in light of the applied processing window) enables concrete conclusions to be drawn 
about to what extent the weathering-DP alloying concepts have achieved the envisaged 
combination between the strength-ductility balance and good atmospheric corrosion 
resistance. 
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6.2. Characterization scheme  
Fig. 6-1 shows the characterization scheme that was applied on the hot-rolled sheets to 
investigate the microstructure features, the mechanical and the corrosion properties. 
Fig. 6-2 shows the position where the specimens’ sets were machined for the different 
characterization tests.  
 
Fig. 6-1: Scheme for characterization of the hot-rolled sheets 
 
 
 
Fig. 6-2: Schematic representation of the position of different test specimens for microstructure 
investigation and mechanical properties evaluation along a hot-rolled sheet 
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6.3. Results 
6.3.1. Hot-rolled microstructures 
The most successful processing parameters from the laboratory-scale thermomechanical 
simulation experiments are transferred to the pilot hot rolling plant to produce the 
required sheets for further characterizations. Based on the applicable processing window 
and the alloying concept of each grade, a DP microstructure is adjusted for both of the 
G1 and G2 grades, while a CP microstructure is adjusted for G3 grade as explained in 
chapter 5. In addition, common ferrite/pearlite microstructure id developed for the R 
grade.  
The microstructures of the pilot hot-rolled sheets are shown in Fig. 6-3 and the 
corresponding microstructure components as well as the their volume fractions are listed 
in Table 6-1. 
        
a)   b)  
c)   d)  
Fig. 6-3:The pilot hot-rolled microstructures for the different grades. a) R Grade, b) G1 grade, c) 
G2 grade and d) G3 grade 
RD
ND
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Table 6-1: The average vol.% of microstructure components of the pilot hot-rolled sheets (F: 
ferrite, P: pearlite, B: bainite and M: martensite) 
Grade F P B M 
R 96 4 - - 
G1 71 2 - 27 
G2 70 - - 30 
G3 15 - 81 4 
 
As could be recognized, the R grade exhibits a mostly ferrite microstructure with a few 
distributed pearlite particles which account for about 4-5 vol.% of the total microstructure 
(see Fig. 6-3 a). The G1 grade shows a DP microstructure consisting of 71 vol.% ferrite 
and 27 vol.% martensite with about 2 vol.% pearlite (Fig. 6-3 b). The presence of pearlite 
is verified by mean of SEM such as indicated in Fig. 6-4. For G2 grade (Fig. 6-3 c), 
nearly the same microstructure is developed but without pearlite. Both of the G1 and G2 
grades reveal a banding tendency in the rolling direction. In addition, the martensite 
particles are partially aligned in bands parallel to the rolling direction and are connected 
to one another in some regions where the martensite phase is the prevailing phase. 
Such martensite bands are to some extent longer for G2 than G1 grade. Fig. 6-3 d 
represents the CP microstructure of G3 grade which comprises a relatively small volume 
fraction of polygonal ferrite besides martensite islands impeded in a bainitic ferrite matrix. 
Furthermore, a separated martensite particles are formed. The SEM micrograph 
represented in Fig. 6-5 reveals the formation of small particles which are similar to the 
martensite particles but with smooth surfaces. These particles are thought to account for 
retained austenite since the XRD measurements that carried out on the G3 grade has 
established the presence of about 7 vol.% retained austenite such as depicted in 
Fig. 6-6. 
It is worth mentioning that the developed pilot hot-rolled microstructures for the 
investigated steel grades are in accordance with the results of the laboratory-scale 
thermomechanical simulation experiments performed initially to design their processing 
window and to adjust the microstructure (explained in Chapter 5).  
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Fig. 6-4: SEM micrographs indicating the presence of pearlite in the microstructure of the G1 
grade 
 
Fig. 6-5: SEM micrograph of the developed complex microstructure of G3 grade which indicates 
the formation of martensite islands in a bainitic ferrite matrix besides separated ferrite and 
martensite particles. The fine particles with a smooth surface are thought to be retained austenite  
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Fig. 6-6: XRD pattern indicating the presence of retained austenite in the hot-rolled microstructure 
of G3 grade 
6.3.2. Tensile properties 
The mechanical characteristic values of the pilot hot-rolled sheets were evaluated by 
means of tensile testing. The recorded engineering stress-strain curves are exemplary 
depicted in Fig. 6-7. The resulting values in both longitudinal and transverse directions 
are listed in Table 6-2 and Table 6-3, respectively. Generally, the R grade exhibits a 
discontinuous yielding behavior and an almost flat stress-strain curve on exceeding the 
yielding region with a slight increase in the tensile strength. The R grade shows also a 
relatively higher total elongation in comparison to the other grades. In addition, R grade 
reveals a tensile strength which is comparable to the yield strength i.e. a high yield ratio. 
However, the G1, G2 and G3 grades displayed a smooth transition from elastic to 
elastic-plastic region (continuous yielding behavior) along with a high initial strain 
hardening rate which results in a substantial increase in tensile strength values 
accompanied with low yield ratio.  
Retained austenite
(7.02 vol.% )
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Fig. 6-7: Recorded engineering stress-strain curves during tensile testing of the investigated steel 
grades 
Table 6-2: The mechanical characteristic values by tensile testing in longitudinal direction 
Longitudinal 
  Rp0.2 Rm   Au   A50  n-value Rm / Rp0.2 
R 
Average 378 (ReL) 465 18.98 27.14 0.17 0.81 
St. Dev. 9.1 8.3 2.54 4.49 0.005 0.009 
G1 
Average 374 737 12.38 13.6 0.20 0.51 
St. Dev. 12.5 7.3 0.64 0.48 0.008 0.020 
G2 
Average 464 873 9.48 11.12 0.16 0.53 
St. Dev. 10.4 6.3 1.14 1.49 0.004 0.010 
G3 
Average 561 940 10.00 13.47 0.15 0.60 
St. Dev 9.3 13.5 0.46 1.79 0.006 0.003 
Table 6-3: The mechanical characteristic values by tensile testing in transverse direction 
Transverse 
  
 
Rp0.2 Rm   Au   A50  n-value Rm / Rp0.2 
R 
Average 380 (ReL) 465 17.4 23.83 0.17 0.82 
St. Dev. 11.8 9.1 1.02 1.97 0.010 0.010 
G1 
Average 385 738 12.73 15.53 0.20 0.52 
St. Dev. 6.2 8.5 1.16 1.63 0.010 0.009 
G2 
Average 476 866 9.28 10.45 0.17 0.55 
St. Dev. 5.4 8.7 0.55 0.61 0.008 0.010 
G3 
Average 563 937 9.73 12.17 0.15 0.60 
St. Dev 7.6 6.0 0.95 2.14 0.006 0.005 
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Fig. 6-8 a-f represents a graphical representation of the mechanical characteristic values 
evaluated by tensile testing for the steel grades under investigation. The Rm values could 
be arranged in ascending order starting with R grade and ending with G3 grade (R < G1 
< G2 < G3), which corresponds to the increase in the alloying content. The Rm values are 
about 465 MPa for R grade, 730 MPa for G1, 870 MPa for G2 and 940 MPa for G3. In 
the same ascending order, the Rp0.2 values (yield for R grade) could be arranged from 
the lowest value of about 380 MPa for R and G1 grades passing by G2 grade with about 
470 MPa to the highest Rp0.2 value of 560 MPa for G3 grade. The Rm and Rp0.2 values are 
represented in Fig. 6-8 a and b, respectively.  
The ferritic microstructure of R grade achieves the highest A50 value of about 25%. It was 
expected that the A50 values would reveal a straightforward reverse relationship to those 
of Rm; however, the G3 grade exhibits an extraordinary behavior. Although the G3 grade 
achieved an Rm value which is higher than that of both G2 and G1 with 70 and 210 MPa, 
respectively, its A50 (13%) remained comparable to that of G1 (14%) and superior to that 
of G2 (11%). 
The yield ratio (Rm/Rp0.2) and n-value are important characteristics that describe the 
strength-formability relationship. A low Rm/Rp0.2 besides a high n-value provides the 
optimum combination of strength and formability. The n-value was measured between 4 
to 6% elongation. It describes the ability of the material to distribute the strain over the 
tested length and to resist necking during tensile testing; therefore, a higher n-value 
indicates a better formability [Ras81]. Fig. 6-8 e and f represent the Rm/Rp0.2 and n-value, 
respectively. Obviously, the G1 grade with a DP microstructure represents the optimum 
combination of Rm/Rp0.2 and n-value followed by G2 and G3. However, the R grade 
exhibited a comparable n-value to G2 and G3 grades and inferior to G1 grade. 
Moreover, the R grade exhibits the highest Rm/Rp0.2 value. 
To this end, the property profile of the R grade represents the common mechanical 
characteristic values of structural steels (good ductility and modest strength). However, 
the evaluated mechanical properties of the hot-rolled sheets of G1 and G2 grades exhibit 
the typical high strength and good ductility balance expected from DP steels considering 
the differences in their alloying concepts and corresponding strength levels. Moreover, 
the mechanical characteristic values of G1 grade confirm only small differences between 
the laboratory-scale6 and pilot-scale processing. The mechanical properties of G3 grade 
reveal a pronounced increase in tensile strength without significant loss in ductility. 
                                               
6 Mechanical properties of G1 grade were evaluated by testing mini-flat tensile specimens 
manufactured from the thermomechanical treated blocks as indicated in section 4.3.5 
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a) b)  
c) d)  
e) f)  
Fig. 6-8: Mechanical characteristic values resulted from tensile testing of the hot-rolled sheets in 
both longitudinal and transverse directions for the 4 investigated steel grades. a) tensile strength 
(Rm), b) yield/proof (RP0.2) strength, c) total elongation (A50) measured over a gauge length of 
50 mm, d) the corresponding uniform elongation (Au), e) the yield ratio (RP0.2/ Rm) and f) the strain 
hardening exponent (n-value)  
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6.3.3.  Hardness distribution 
The hardness distribution for the pilot hot-rolled sheets is illustrated in Fig. 6-9. The 
measurements were carried out on longitudinal sections. As could be seen, the R grade 
exhibites almost a homogenuos hardness distribution, since its microstructure consists 
mostly of ferrite phase. The hardness values in this case ranges between 137 and 
173 HV. However, the hardness values of the most representative areas ranged from 
137 to 157 HV indicating minor differences within the microstructure. The results of 
hardness mapping for the other grades (which compose of more than one phase in 
considerable proportions) show a less homogeneous hardness distribution than that of R 
grade. The alloying concept and the microstructure constituents are the dominant factors 
in determining the range of hardness values for these grades. Moreover, different cooling 
conditions on the both surfaces could lead to differences in hardness values. The G1 
grade which represents the combined weathering-dual phase concept with a DP 
microstructure displayed hardness values of 239-283 HV. The hardness mapping of G1 
grade reveals clear differences in hardness values over the whole tested area. The G2 
grade which has almost the same microstructure of G1 grade but it is alloyed additionally 
with Nb shows higher hardness values which ranged between 293 and 340 HV. Nearly 
the same hardness values of G2 grade are exhibited by G3 grade although it contains 
Mo besides Nb. The microstructure of G3 comprises mainly bainite in addition to small 
amounts of ferrite and martensite. This microstructure shows a relatively homogenous 
hardness distribution than that of G1 and G2 grades.  
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Fig. 6-9:The hardness mapping of the hot-rolled sheets R, G1, G2 and G3 grades 
6.3.4. Hole expansion ratio 
The hole expansion ratio (𝜆) indicates the ability of the material to resist the edge 
cracking during expansion of the pierced hole. Therefore, the evaluated 𝜆 could provide 
additional information on the extent of stretch-flangeability of the developed steel 
concepts. As it explained in section 3.5.3., the hole expansion test was stopped manually 
as soon as the observed edge crack extended through the whole thickness, which led to 
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in some cases that the standard deviation exceeded 10% of the average measured 
values. The complexity of detecting the extending crack and the associated deviation in 
measurements increased further when several cracks formed, which made the 
judgement of complete penetration timing of a single crake difficult.  
Fig. 6-10 a and b represent the punch force vs. the punch stroke and the measured 𝜆 for 
each steel grade, respectively. The soft ferrite matrix of the R grade exhibits a superior 𝜆 
over the other steel grades of multiphase microstructures. R grade achieves 𝜆 of 70%, 
while the G2 grade with a DP microstructure accounts for the lowest 𝜆 of about 14%. 
Whereas the 𝜆 of 17% achieved by G1 grade is not far away from that of G2 grade; 
however, the G3 grade of the CP microstructure achieves a relative enhanced 𝜆 of 23% 
compared to the both of G1 and G2 grades. 
a)  
b)  
Fig. 6-10: The results of hole expansion tests for the investigated steel grades. a) the punch force 
vs. punch stroke and b) the measured hole expansion ratio  
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6.3.5. Bending angles 
The average bending angle of each steel grade was calculated based on the recorded 
punch stroke utilizing Equation 3-2. The calculated bending angles enable the judgment 
on the forming behavior under bending-deformation conditions. Fig. 6-11 a and b show 
the recorded punch force vs. punch stroke and the average calculated bending angle for 
each steel grade, respectively. The bending angles were calculated at three different 
testing stages, namely, at first appearance of the crack (observed by video camera), at 
maximum force and after drop in force with 60 N. Since the bending-angle calculation 
depends on the punch stroke, the calculated angles after 60 N drop would normally be 
the highest ones followed by those calculated at maximum force and those calculated at 
the first appearance of the crack. On testing, the specimens of R grade were rolled 
between the supporting pivoted rollers to the maximum applicable punch stroke of about 
15.5 mm (due to limitation on testing machine) without undergoing cracking; therefore, 
the bending angles at cracking could not be calculated.  Nevertheless, the recorded 
punch force deceased continuously after reaching its maximum (as could be seen from 
Fig. 6-11 a) due to excessive thinning. The maximum bending angle of about 100° is 
achieved by R grade after drop in force with 60 N. At the same conditions, the G3 grade 
exhibited a bending angle of about 90° (comparable to R grade); however, G1 and G2 
grades exhibit relatively smaller ones of 76° and 67°, respectively. At the maximum force 
the same trend was also observed (as could be recognized from Fig. 6-11 b) and 
bending angles of 89°, 74°, 65° and 83° were calculated for R, G1, G2 and G3 grades, 
respectively.  
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a)   
b)  
Fig. 6-11:The results of bending tests for the investigated steel grades. a) the punch force vs. 
punch stroke and b) the calculated bending angles at cracking, max. force and after drop in force 
with 60 N 
6.3.6. Mass and thickness losses after corrosion testing 
A reliable determination of the corroded specimens’ mass after cleaning processes 
excludes the removed mass from the metal. Therefore, the mass after cleaning 
processes were determined according to the procedures shown in Fig. 6-12. All the 
specimens were treated in the same manner. The resulted masses after these 
procedures were subtracted from the corresponding original masses to calculate the 
mass losses per unit area. The masses of the specimens were measured with accuracy 
of 1 mg. Fig. 6-13 represents the calculated mass losses of the investigated grades 
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compared to the reference DP steel (RP grade) after atmospheric corrosion testing for 
different test durations.  
 
Fig. 6-12: Determination of the corroded specimens’ mass after cleaning processes. Point A 
represents the weight before starting the cleaning process, AB line indicates the mass due to the 
removal of corrosion products, BC line represents the removed mass from the metal and point D 
is regarded as the mass without the metal being attacked. The mass after cleaning (excluding the 
removed mass from the metal) was calculated as the average of masses at points B and D  
 
Fig. 6-13: Average mass losses due to atmospheric corrosion testing of R, G1, G2 and G3 grades 
compared to the RP grade for different testing periods 
The average losses in thickness was calculated based on the pertaining mass losses 
and graphed vs. the test period as shown in Fig. 6-14. As can be seen, the 
mass/thickness losses after testing for one and two weeks are almost the same for all of 
the investigated steel grades. After the 2nd testing week, it can be recognized that the R, 
G1, G2 and G3 grades exhibit a difference behavior than the reference RP grade does. 
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The mass/thickness loss of reference RP grade continues to increase steadily with 
increasing the test period exhibiting an almost steady corrosion rate. However, each of 
the R, G1, G2 and G3 grades shows an increase in mass losses but at slower rate than 
before till the 4th testing week is reached manifesting a protective tendency in this testing 
period. Afterwards, as the test period increases the mass/thickness loss for all grades 
steadily proceeds. Obviously, the mass/thickness loss curves of R, G1, G2 and G3 show 
an upward bend after the 4th testing week indicating that the protective behavior is 
interrupted. In case of reference RP grade no obvious interruption is observed, since it 
does not show a previous protective tendency.  
 
 
Fig. 6-14: Average thickness losses of R, G1, G2 and G3 grades compared to the reference RP 
grade for different testing periods. The thickness loss was calculated based on the calculations of 
mass loss per unit area 
A closer view of the protective tendency of R, G1, G2 and G3 grades over the reference 
RP grade after the 2nd testing week is depicted in Fig. 6-15. It is worth mentioning that 
the reference RP grade virtually displays the lowest corrosion rate after the 1st testing 
week but soon corrodes at a steadily higher rate after the 2nd testing week. Fig. 6-16 
points out the advancement of corrosion process after the interruption of the protective 
tendency. Generally, all the grades continue to corrode further at almost a constant rate. 
The R and G1 grades display a slight increase in thickness loss rate after the 8th testing 
week. According to their observed behaviors, the protective tendency appeared after the 
2nd testing week (see Fig. 6-15); therefore, it is very likely that a protective layer was 
developed (may be after the 6th testing week) and interrupted once again.  
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Fig. 6-15: The protective tendency of weathering-DP grades (G1, G2 and G3) compared to 
weathering grade (R) and the reference DP grade (RP) in the first four testing weeks 
 
Fig. 6-16: The corrosion behavior after interruption of the protective of grades R, G1, G2 and G3 
compared to reference RP grade 
 
  
 
 
  
1 2 3 4
0.0
0.5
1.0
1.5
2.0
Further corrosion
Protective tendency
 
 
A
v
e
ra
g
e
 t
h
ic
k
n
e
s
s
 l
o
s
s
, 
µ
m
Time, weeks
 RP
 R
 G1
 G2
 G3
4 6 8 10 12
0
1
2
3
4
5
Continous corrosion 
at the same rate after 
the 4
th
 week
 
 
A
v
e
ra
g
e
 t
h
ic
k
n
e
s
s
 l
o
s
s
, 
µ
m
Time, weeks
 RP
 R
 G1
 G2
 G3
Characterization of the pilot hot-rolled sheets 
132 
 
6.3.7. Atmospheric corrosion resistance 
According to the ACRI (Equation 3-5), the atmospheric corrosion resistance of the steel 
grades under investigation could be predicted on a comparative basis. The ACRI values 
are given in Table 6-4. Obviously, the reference weathering steel (R grade) together with 
the weathering-DP steels (G1, G2 and G3 grades) achieve an ACRI of at least six fold 
higher than that of the reference DP steel (RP grade). The comparison is principally 
based on the differences in chemical compositions. The prediction of the atmospheric 
corrosion resistance by ACRI is a pure qualitative method that could not provide 
concrete information about either the extent of corrosion losses at a certain moment in 
the future or the corrosion rate within a defined period of time. 
In contrast, the bilogarithmic relation (Equation 3-6) can describe the corrosion loss by 
determining the constants A and B. Accordingly, the corrosion rate could be estimated by 
utilizing Equation 3-9. In Fig. 6-17 the accelerated corrosion testing data is replotted in a 
bilogarithmic diagram which reveals a linear relationship between the corrosion losses 
(represented by thickness loss) and the corrosion time. The values of the A and B 
constants that characterize the corrosion behavior of each grade are listed in Table 6-5. 
These values are determined from the corresponding bilogarithmic lines.  
Table 6-4: The atmospheric corrosion resistance index (ACRI) for the investigated steel grades 
Grade RP R G1 G2 G3 
ACRI 1.273 7.366 7.366 7.358 7.358 
 
 
Fig. 6-17: Bilogarithmic representation of the corrosion data of the investigated steel grades 
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Table 6-5: Constants A and B values that describe the corrosion behavior of the investigated steel 
grades. The values were determined from an accelerated cyclic atmospheric corrosion test data 
for 12 weeks by means of Equation 3-7 (time in weeks and thickness loss in µm) 
Grade RP R G1 G2 G3 
A const. 0.396 0.457 0.386 0.424 0.484 
B const. 1.020 0.800 0.892 0.896 0.830 
 
Depending on the value of the constant B the relation between the thickness loss and 
time can be identified. The reference RP grade shows a constant B = ~1 which 
represents a linear relationship between thickness loss and time reflecting a progressive 
corrosion process. However, the R, G1, G2 and G3 grades display a constant B < 1 but 
greater than 0.5, which means that the relationship between thickness loss and time is 
neither linear nor pure parabolic. Nevertheless, their B values indicate that the corrosion 
process proceeded at relatively lower rate than that of the reference RP grade. The 
constant A is considered to be a measure for the initial corrosion resistance. In other 
words, it provides a measure for the short-term atmospheric corrosion susceptibility and 
the ability of the metal to generate corrosion products in a short time. The G1 and RP 
grades showed the lowest two A values, whereas the grade G3 offered the highest one 
exhibiting a high activity to form corrosion products on a short-term exposure to the 
atmospheric cyclic corrosion testing conditions.  
The average corrosion losses expressed in thickness losses as well as the 
corresponding corrosion rates (provided in Table 6-6) were calculated based on the 
constants A and B that were defined from accelerated atmospheric corrosion test data 
for 12 weeks. The results emphasize the enhanced atmospheric corrosion resistance of 
weathering-DP steels (G1, G2 and G3 grades) over the reference DP steel (RP grade) in 
terms of the overall thickness loss and the average corrosion rate. The weathering and 
weathering-DP grades corrode at an average corrosion rate that ranges from 0.22 to 
0.29 µm/week which is superior (around 40% lower) to the corrosion rate at which the 
reference DP grade corrodes (0.42 µm/week).  
Table 6-6: Corrosion losses (expressed in thickness loss) and corrosion rate for the investigated 
steel grades after accelerated cyclic atmospheric corrosion test for 12 weeks according to 
VDA 233-102 standard [VDA13]. Thickness loss and corresponding corrosion rate were 
calculated by utilizing Equation 3-8 and Equation 3-9, respectively 
Grade RP R G1 G2 G3 
Average thickness 
loss, (µm) 4.99 3.32 3.55 3.93 3.81 
Average corrosion 
rate, (µm/week) 0.42 0.22 0.26 0.29 0.26 
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6.3.8. Corrosion products 
With the help of XRD diffraction patterns the constituents of the corrosion products near 
the inner oxide layer of each steel grade were identified. The obtained XRD patterns are 
presented in Fig. 6-18, Fig. 6-19 and Fig. 6-20.  
The main constituents in all cases are basically magnetite (Fe3O4) and goethite 
(𝛼-FeOOH) as could be recognized from the green and blue peaks, respectively. There 
are no clear differences in the general appearance of the differential diffraction patterns 
among the investigated steel grades. However, minor differences in strength of the 
peaks can be seen particularly between 2𝜃 = 10° 𝑎𝑛𝑑 20°.  In this range, the reference 
RP grade exhibits a relative stronger magnetite peak than the other grades do. Based on 
the relative intensities of the peaks the percentage amounts of phases were determined 
and plotted as a stacked graph such as shown in Fig. 6-21. Obviously, RP reference 
grade contains the lowest amount of goethite (of about 12%), while the G3 grade 
contains the highest amount of goethite of about 26%. Moreover, there is a pronounced 
trend for the goethite content which could be set in the following order from low to high: 
RP < R < G1 < G2 < G3.  
Fig. 6-18: XRD pattern of the formed corrosion products on the RP grade 
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Goethite ( -FeOOH)
Magnetite (Fe3O4)
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Fig. 6-19: XRD patterns of the formed corrosion products on the R and G1 grades  
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Fig. 6-20: XRD patterns of the formed corrosion products on the G2 and G3 grades 
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Fig. 6-21: Quantitative representation of the constituents in corrosion products based on the 
relative intensities of diffraction peaks 
6.3.9. Scanning electron microscopy and elemental distribution 
SEM and DES investigations were carried out on cross-sections of the investigated steel 
grades after accelerated atmospheric corrosion testing to characterize the formed oxide 
layer. Fig. 6-22 is a representative SEM-micrograph which generally points out the 
nature of the formed corrosion products for all grades. Very thick and detachable outer 
oxide layers with thickness of about 1.2 - 1.5 mm are observed on the surface of all 
investigated grades after testing for 8 and 12 weeks. Moreover, they contain longitudinal 
and transverse cracks as well as voids that might facilitate the penetration of corrosive 
constituents and consequently accelerate the corrosion process. The innermost layer 
consists of corrosion products adherent to the base metal with thickness of 20 – 50 µm. 
Fig. 6-23 shows the innermost oxide layers formed on the different steel grades after 
atmospheric corrosion testing for 12 weeks. Despite the presence of micro cracks in the 
innermost layer of all grades, it was observed that the grades R, G1, G2 and G3 display 
a better adhesion between the base metal and innermost layer. In addition, their 
innermost layers are relatively denser and more compact than that of the reference RP 
grade. 
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Fig. 6-22: A representative SEM-micrograph for the whole oxide layer formed on grade G2 after 8 
weeks of accelerated atmospheric corrosion testing  
   
  
 
Fig. 6-23: SEM micrographs of the oxide layers formed on the investigated steel grades after 12 
weeks of accelerated atmospheric corrosion testing 
The distribution of the alloying elements between the base metal and the formed oxide 
innermost layer was analyzed be means of EDS for all tested steel grades. Mapping of 
the different alloying elements corresponding to each concept was done. Fig. 6-24 and 
Fig. 6-25 provide the elemental mapping of the reference DP and weathering steels, 
respectively. However, the elemental mapping of the weathering-DP concept (Nb-Mo 
alloyed) is shown in Fig. 6-26. Mapping of alloying elements for G1 and G2 grades is not 
listed here since G3 grade contains implicitly the alloying elements of G1 and G2.  
  
R G1
G2 G3
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RP 
 
   
Fig. 6-24: Distribution of the alloying elements for the reference RP grade (DP steel). Lighter 
regions are enriched with the corresponding alloying element 
R 
 
   
   
Fig. 6-25: Distribution of the alloying elements for the reference R grade (weathering steel). 
Lighter regions are enriched with the corresponding alloying element 
RP
R
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Fig. 6-26: Distribution of the alloying elements for the G3 grade (Nb-Mo alloyed weathering-DP 
steel). Lighter regions are enriched with the corresponding alloying element 
It is observed that Si and Cr are selectively enriched in certain regions (related to the 
presence of a specific phase) in the innermost oxide layer of all grades. Furthermore, the 
Si-Cr enriched regions gradually increase from RP and R grades to G3 grade. According 
to the XRD analyses the oxide layer for all grades composed of magnetite and goethite, 
and the largest amount of goethite is found in G3 grade. Therefore, it is believed that the 
Si and Cr are enriched in goethite. 
  
G3
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Regarding Mn, it shows a remarkably depletion from the oxide/metal interface towards 
the oxide layer for all grades indicating an insignificant effect on the layer properties. 
Cu in R and G3 grades is distributed selectively in the innermost oxide layer just in the 
same manner as Si and Cr; in addition, it is concentrated at some places at the interface 
between the base metal and oxide layer as could be seen for R grade. In contrast, Ni 
and P are uniformly distributed over the oxide layer without any local concentration. Mo 
and Nb in grade G3 behave in a similar way to Ni and P.   
6.4. Discussion  
6.4.1. Microstructural features of the hot-rolled sheets 
The microstructure investigations revealed the formation of about 2 vol.% pearlite for the 
adjusted DP microstructure of G1 grade. This is a consequence of the continuous 
cooling to a relatively low quenching temperature (600 °C) located directly at the border 
of the pearlite zone as could be recognized from the D-CCT diagram of G1 grade. The 
hot-rolled DP microstructure of G2 grade which comprises 0.044 wt.% Nb does not 
contain pearlite due to the additional Nb-solute drag effect on the austenite 
decomposition as discussed in section 4.4.1. Both of G1 and G2 grades exhibit a light 
banding tendency in the rolling direction which could be explained by the segregation of 
Mn and Si stimulated by continuous cooling strategy as previously established (refer to 
Fig. 4-19) and elaborated in section 4.4.4. Although the amount of formed martensite for 
both of G1 and G2 grades is almost similar, the formed martensite particles for G2 grade 
are more elongated in the rolling direction. Such arrangement and shape of martensite 
particles could be attributed to the former non-recrystallized elongated austenite grains 
formed due to deformation below TNR. 
The last two passes during processing of grade G2 were carried out at 900 and 800 °C, 
which implies the accumulation of strain and formation of deformation bands and 
pancake microstructure leading to an increase in nucleation sites for ferrite 
transformation. The prime effect of deformation below TNR  on ferrite transformation and 
the resulted grain size was reported by several studies [Kva98, Naj92, Yan09, Don09]. 
As a result a fine-grained ferrite of about 1-3 µm in size was formed as indicated in 
Fig. 6-27. Since static recrystallization is retarded by Nb-solute and/or Nb(CN) 
precipitates, the untransformed austenite grains (after ferrite transformation) retained 
their elongated shape and transformed into martensite on the subsequent quenching. It 
is expected that the morphology of the martensite particles could be controlled by better 
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design of processing window which was not possible under the current capabilities of the 
used reversing rolling stand. 
 
Fig. 6-27: SEM micrographs indicating the microstructure details of G2 grade. Deformation below 
TNR caused in formation of fine grained ferrite, besides formation of elongated austenite grains 
which retained its shape on transformation into martensite  
 
For the G3 grade, it was established that the Mo addition has resulted in a significant 
delay in ferrite transformation, which encouraged the formation of lower transformation 
products such as bainite and martensite. Such effect was postulated by other authors 
[Shi90, Rey90, Har04, Isa11, Mil14]. Although the applied cooling strategy (air cooling to 
room temperature) might normally stimulate the pearlite transformation, however the 
synergetic effect of Nb-Mo combined addition led to adjustment of a microstructure 
consisting basically of a bainitic ferrite matrix and martensite particles. This put an 
emphasis on the additional beneficial effect of Mo addition on increasing the 
hardenability. Moreover, the XRD measurements has additionally established the 
presence of retained austenite in 7 vol.%. The SEM micrographs represented in 
Fig. 6-28 revealed that the bainitic microstructure of G3 grade comprises both granular 
and lath bainite. Both of these bainite morphologies consist of bainitic ferrite and either 
granular or lath shaped martensite.   
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Fig. 6-28: SEM micrograph revealing the formation of different bainite morphologies during 
processing of G3 grade 
6.4.2. Processing route-microstructure-mechanical properties relationships 
A broad range of mechanical properties could be tailored for a steel concept by adjusting 
its microstructure components (volume fractions, sizes and distribution). The dual and 
multiphase microstructures that comprise ferrite with other microstructure components 
such as martensite, bainite and/or retained austenite always offer improved mechanical 
properties superior to those with ferritic-pearlitic microstructures. However, the 
adjustment of such dual and multiphase microstructures requires a controlled processing 
route especially if they are to be produced through hot rolling processes which involve a 
very narrow processing window in terms of time. In addition to the controlled processing 
route, the alloying concept itself can play a decisive role whether a particular 
microstructure could be adjusted or not such as in case of G3 grade. Therefore, much 
effort has been made to adjust the proper microstructure for each alloying concept by 
means of designing the corresponding hot rolling schedule and the subsequent cooling 
strategy.  
Based on the results of the laboratory-scale thermomechanical simulation experiments 
and in light of the applicable processing window at the pilot hot rolling plant, DP 
microstructures are adjusted for G1 and G2 grades by applying a continuous cooling 
strategy due to ferrite transformation retardation. This strategy provides the adequate 
time for ferrite to form in relatively larger fractions than those formed by step cooling 
strategy. However, a CP microstructure is the most probable for the G3 grade 
irrespective of the applied cooling strategy due to its Mo content which affects the ferrite 
kinetics. The most promising transferred processing parameters from laboratory scale to 
pilot scale have resulted in adjusting a hot-rolled DP microstructure for G1 and G2 
grades and CP microstructure for the G3 grade. It is worth mentioning that the developed 
hot-rolled microstructures reveal a meaningful agreement with those from real-process-
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based thermomechanical simulation experiments as well as with the phase 
transformation behaviors of the D-CCT diagrams at cooling rates that correspond to the 
applied continuous cooling strategies. This points out to what extent the laboratory-scale 
simulation is reliable. Small differences in volume fractions and morphology of the 
formed phases were detected which could be attributed to the uncontrollable conditions 
during pilot hot rolling processing such as the cooling rate from pass to pass and the 
probable inhomogeneous temperature distribution. A summary of the achieved 
mechanical properties of the investigated steel grades in view of the alloying concepts, 
processing routes and developed microstructure is shown in Fig. 6-29. 
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  Designation R G1 G2 G3 
Alloying concept 
W W-DP W-DP (Nb) W-DP (Nb+Mo) 
 
Processing 
FRT= 850 °C 
Air cooling 
FRT= 800°C 
CC to 600 °C then 
quenching 
 
FRT= 800°C < TNR 
CC to 600 °C then 
quenching 
FRT= 800°C < TNR 
Air cooling 
Microstructure  
 
 
F:96 / P:4  
 
F:71 / P:2 / M:27 
 
F:70 / M:30 
 
F:15 / B:81 / M:4 / γr:7  
 
Impact on mechanical properties 
 
 Yield/R
p0.2 (MPa) 380 380 470 560 
Tensile strength, 
Rm (MPa) 
465 730 870 940 
Total elongation, 
A
50
 (%) 25 14 11 13 
n-value 0.17 0.2 0.17 0.15 
Yield ratio 0.82 0.52 0.55 0.60 
Hole expansion 
ratio, 𝜆 (%) 
70 17 14 23 
Bending angle (°) 89 74 65 83 
Fig. 6-29: Summary of the average mechanical properties in view of the processing route, 
developed microstructure and alloying concepts. W: weathering, DP: dual phase, FRT: finish 
rolling temperature, TNR: recrystallization stop temperature, CC: continuous cooling and F, P, B, M 
and 𝛾r: vol.% of ferrite, pearlite, bainite, martensite and retained austenite, respectively 
  
+ 1 wt.% Mn 
+ 0.03 wt.% C 
+ 0.044 Nb  + 0.36 Mo 
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6.4.2.1. Weathering-DP (G1 grade)  
The higher C and Mn contents are the main difference in alloying concepts of R and G1 
grades. The effects of these two elements can be summarized in the fact that they 
stabilize the austenite and retard the formation of pearlite facilitating the adjustment of 
the DP microstructure through processing by the continuous cooling strategy followed by 
a water quenching. The attractive developed hot-rolled DP microstructure which 
comprises a relatively soft ferrite matrix and a hard martensite phase is responsible for 
the superior mechanical properties of G1 over R grade in terms of the strength level and 
formability parameters (n-value and yield ratio). 
The incorporation of DP alloying concept into the weathering concept led to an increase 
of about 265 MPa in tensile strength without actual change in the Rp0.2 besides changing 
the yielding behavior from discontinuous to smooth transition from elastic to elastic-
plastic range. Such modifications in property profile will eventually cause in a higher 
strain hardening behavior and lower yield ratio which are the basic characteristics of DP 
steels. With this jump in tensile strength besides the formation of 2 vol.% pearlite and the 
banding tendency, the total elongation reveals somehow a lower value. It was reported 
that the formation of martensite in bands is harmful to ductility since they considered to 
be preferred locations for crack propagation [Cal10]. In addition, the stretch-flangeability 
is deteriorated to some extent due to the hardness difference between the soft ferrite and 
hard martensite phases as indicated from the hardness mapping. 
The estimated bendability of G1 grade also shows an inferior level than that of R grade, 
but it must not be forgot that the R grade is of almost a ferritic microstructure and the G1 
grade is of a DP microstructure with about 57% increase in tensile strength. In spite of 
the high bending angle, R grade experienced an excessive thinning during testing which 
was not observed for G1 grade. Despite all of this, the envisaged strength-ductility 
balance, which R grade (weathering steel) could not offer in view of its ferrite-pearlite 
microstructure, is achieved to a great extent by the alloying concept and DP-
microstructure of the G1 grade (weathering-DP steel). In addition to strength-ductility 
balance, G1 grade exhibits a higher strain hardening behavior and lower yield ratio which 
are of the basic characteristics of DP steels that describe the strength-formability 
relationship [Sar96, Dav79b, Ras81, Kor84, Sar84].  
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6.4.2.2. Weathering-DP with Nb (G2 grade) 
The G2 grade is additionally microalloyed with Nb to enable the processing by a 
controlled- thermomechanical rolling (below TNR) which is considered an effective way of 
adjusting the developed microstructure and controlling the mechanical properties.  
It was established that the deformation in non-recrystallization region at low finishing 
temperatures resulted in improved strength and toughness levels without considerable 
decrease in elongation [Kai14]. Bleck [Ble01] in his extensive work on Nb in dual phase 
and TRIP steels has reported “Niobium is known as an alloying element by which 
austenitization, recrystallization, grain growth, phase transformation and precipitation 
behavior can be controlled in a very efficient way and by which the mechanical 
properties can be varied in a wide range. Thus, niobium can be utilized as a metallurgical 
tool to adjust microstructure and properties”. Moreover, DeArdo [DeA03] emphasized the 
significance of the Nb in thermomechanical processing and austenite conditioning, 
besides the role of rolling practice itself in determining the state of the Nb during the 
rolling process. Typical reversing rolling practice involves long interpass times which is 
ideal for static precipitation of NbCN in austenite. Therefore, during reversing rolling Nb 
will influence the austenite behavior first as solid solution and then as a precipitates 
[DeA01]. As discussed in Chapter 4 and 5, the addition of Nb adds up to the solute drag 
effect which retards the static recrystallization and elevates the TNR. Such effect (besides 
the effect of Mn on lowering the Ar3) expands the non-recrystallization region allowing the 
last two passes to be carried out below TNR. As a consequence, the terminal hot rolled 
pancaked austenite contained a large number of crystalline defects (grain boundaries, 
twin boundaries and deformation bands) that promoted the ferrite transformation and 
eventually refined the resulted microstructure. Nevertheless, G2 grade was processed by 
continuous cooling strategy due to the significant solute drag effect on ferrite 
transformation exerted by the considerable amounts of the substitutional alloying 
elements as indicated from the developed ferrite kinetics curve (Fig. 5-9) by applying a 
step cooling strategy.   
The metallographic investigations assured the adjustment of a DP microstructure 
(70 vol.% ferrite + 30 vol.% martensite) for G2 grade after processing by controlled- 
thermomechanical hot rolling and continuous cooling strategy followed by water 
quenching from 600 °C. The results of mechanical tests reveal that the G2 grade 
reaches both a higher yield and tensile strength with a slight decrease in ductility 
compared to G1 grade. The higher strength level could be attributed to the grain 
refinement and precipitation hardening effects accompanied the Nb-addition. The 
increase in tensile strength of G2 grade is about 140 MPa higher than that of G1 grade. 
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It was reported that, the grain refinement could resulted in an increase of up to 200 MPa 
without a significant loss in ductility of dual phase steels [Ble01]. The slight decrease in 
ductility (compared to G1 grade) might be caused by the increased banding tendency 
and the relatively larger size of martensite particles which are connected to one another 
where the martensite phase is the prevailing phase. It was established that the formation 
of martensite in networks can impair the total ductility as the formation of voids is 
accelerated to such extent that the fibrous fracture supersedes necking[Ble04]. Although 
the n-value and yield ratio achieved by G2 grade are typical values of DP steels, they are 
to some extent deteriorated than those of G1 grade. The difference in uniform elongation 
level achieved by G1 and G2 corresponds to the difference in n-values. The stretch-
flangeability and bendability of G2 grade are further deteriorated than those of G1 grade 
due to elevating the strength level besides the hardness difference between the ferrite 
and martensite phases as indicated from hardness mapping. Fang et al. [Fan03] studied 
the relationship between tensile properties and hole expansion ratio, and they reported 
that the hole expansion could be improved when the yield ratio increased. That is 
opposite to the basic characteristics of DP steels which always show a low yield ratio. 
Jonas and his co-workers [Kai14] have investigated the effect of austenite pancaking on 
the microstructure, texture and bendability of ultrahigh-strength steels. They concluded 
that a dramatic decrease in bending angles was resulted during testing in transvers 
direction due to strain localization in narrow shear bands where the alignment of the rod-
shaped martensite was to the rolling direction.   
6.4.2.3. Weathering-DP with Nb-Mo (G3 grade) 
The G3 grade that is additionally alloyed with Mo is processed by controlled-
thermomechanical rolling and continuous cooled in air to room temperature. The 
combined Nb-Mo addition led to increasing the TNR temperature due to the increase in 
solute drag effect, which further expands the processing window on the one hand. And 
on the other hand, delays the transformation of austenite into ferrite and suppresses the 
pearlite formation. Moreover, the Mo addition permits the easy processing and 
adjustment of CP microstructure for G3 grade by continuous air cooling due to the 
increased hardenability as discussed in Chapter 4 and 5. 
Metallographic investigations assisted with SEM have revealed the development of a CP 
microstructure consisting of about 15 vol.% polygonal ferrite, 81 vol.% bainite (martensite 
particles in bainitic ferrite) and 4 vol.% martensite. In addition, the XRD pattern for G3 
grade indicated the formation of about 7 vol.% retained austenite which strongly 
improved the mechanical properties profile of G3 grade as compared to the G1 and G2 
Characterization of the pilot hot-rolled sheets 
149 
 
grades. Such 7 vol.% of retained austenite are counted within the bainite phase (as 
martensite particles).  
As could be recognized from the evaluated mechanical values, the combined Nb-Mo 
addition for G3 grade results in further increase in strength level with 70, 210 and 
475 MPa higher than that of G2, G1 and R grades, respectively. The achieved yield 
strength is also higher than that of G2 grade with about 100 MPa and with about 
185 MPa than those of both of R and G1 grades. With such remarkable increase in both 
yield and tensile strength of G3 grade one could expect a dramatic decrease in ductility 
value. However, the total elongation exhibits a superior value to that of G2 grade and 
compared to that of G1 grade. In other words, the Nb-Mo alloyed weathering-DP7 grade 
achieves an increase in tensile strength with about 210 MPa (compared to G1 grade) 
without significant decrease in ductility. Moreover, the stretch-flangeability and 
bendability were enhanced if they compared with their counterparts of G1 and G2 
grades. Mohrbacher [Moh11] in his study on alloying in plate steels with Nb and Mo for 
high performance applications has reported that addition of Nb and Mo increased both 
yield and tensile strength. The superior mechanical characteristic value of G3 grade over 
those of G1 and G2 grades are due the features of bainite morphology (fine martensite 
particles in bainitic ferrite) and the presence of 7 vol.% retained austenite. This put an 
emphasis on the role of the microstructure adjustment (vol. fraction, morphology, 
distribution and grain size) in tailoring the mechanical properties of a new developed 
steel concept. The presence of retained austenite in microstructure of G3 grade 
represents an unstable (metastable) phase which transforms during deformation by TRIP 
effect to the lower energy state martensite phase. The transformation of retained 
austenite into martensite is associated with local increase in strain hardening rate which 
improves and strengthens the plastic instability delaying it to higher strains [Bou98]. 
Therefore, the G3 grade with 7 vol.% retained austenite exhibits a higher ductility along 
with higher strain hardening rate and high tensile strength values compared to G1 and 
G2 grades. Moreover, it is postulated that TRIP aided steels show a remarkable high 
energy absorption during straining and a beneficial combination of high strength and 
good ductility [Ble02]. The hole expansion ratio is improved but due to the hardness 
difference it is still inferior to that of R grade. However, a comparable bendability to the R 
grade (of almost a ferritic microstructure) is achieved although the strength value is more 
than double.      
                                               
7 G3 grade is of a CP microstructure but the alloying concept itself comprises weathering and DP 
concepts in addition to Nb and Mo 
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Based on the conducted characterization tests combined with the specified conditions in 
this study, It could be safely concluded that Nb-Mo-alloyed weathering-DP grade with a 
CP microstructure achieves a superior tensile strength (more than two times as high as 
that of R grade) with acceptable total elongation value of approximately 13% and 
comparable bendability.   
Generally, the influence of weathering concept (addition of Cu, Ni, Cr and P for corrosion 
properties) on designing the process window and on the mechanical properties for all 
weathering-DP grades must not be overlooked. Such substitutional alloying elements 
contributed also to the solute drag effect and to the transformation kinetics of austenite. 
Moreover, they contribute to the strength level by solid solution strengthening. It is 
believed that P can segregate and cause embrittlement of the grain boundaries as it 
becomes energetically favorable to separate the grains [Bha15]. However, the impact of 
P content on the mechanical properties is not considered in this study since all the 
investigated grades contain P with the same content.  
Comparing the obtained results in this study with other studies reveals to what extent the 
weathering-DP alloying concepts along with processing routes are successful to adjust 
the microstructure and to achieve superior mechanical properties. Zhang et al. [Zha07a] 
proposed and approach to develop weathering steel with DP microstructure using 
different additions of Mo, Ti, Nb and/or V. They reported that weathering steel with 
0.41 wt.% Mo could achieve a DP microstructure with second phase fraction ranges from 
17-25 vol.% in ferrite and exhibit tensile strength of 801.5 MPa with 22.7% total 
elongation. However, in the current study a CP microstructure could only developed with 
about 15 vol.% polygonal ferrite for the Nb-Mo alloyed weathering-DP grade. in a similar 
study, Zhang et al. [Zha09] investigated the adjustment of a dual phase microstructure 
for the hot-rolled weathering steel Cu-P-Cr-Ni-Mo. They achieved an average tensile 
strength of 698-770 MPa, yield strength of 423-454 MPa and a total elongation of 
19.3-21.2%. The developed microstructure contained a second phase (not explicitly 
defined) ranges from 13.7 – 16.1 vol.% according to the applied processing parameters.     
6.4.3. Stretch-flangeability 
The negative consequence of the combination of soft and hard phases in G1 and G2 
grades is the modest stretch-flangeability (hole expansion ratio of 17 and 14% for G1 
and G2, respectively) due to the large differences in hardness distribution as was 
demonstrated by hardness mapping. Nevertheless, the achieved hole expansion ratio 
seems to be similar to the usual range for common DP steels. Xu et al. [Xu12] 
investigated the effect of the hole preparation method on the hole expansion ratio of a 
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DP980 steel. Among the investigated preparation methods was the punching one which 
was also utilized to prepare the hole in this study. The authors concluded that the hole 
preparation by the punching method led to the lowest hole expansion ratio (about 
13-23%) due to the damage caused to the hole. Tsipouridis [Tsi06]investigated the effect 
of grain refinement on the mechanical properties of DP steels. He concluded that the 
grain refinement has a beneficial effect on tensile properties but no clear impact on hole 
expansion ratio. Moreover, his results showed that the specimen which contained slightly 
higher fraction of bainite had a higher hole expansion ratio of 34% compared to 17% of 
anther specimen with the same grain size and martensite fraction. Chun et al.  [Joo13] 
have reported the influence of nano-precipitates on the stretch-flangeability of 998 MPa 
hot-rolled steel.  A hole expansion ratio of 65% could be achieved due to the formation of 
Ti-Nb-V multi-microalloyed carbides of 10-50 nm size in ferrite accompanied with a 
minimized deviation in interphase hardness.  
During hole expansion testing of DP steel it was proposed that the micro-void formation 
and crack propagation is affected by the hardness difference between ferrite and 
martensite [Nis81]. Shirasawa et al. [Shi88] reported that elevating the tempering 
temperature of steel sheets with tensile strength of 1000 MPa increased the hole 
expansion ratio due to the decrease in hardness difference between ferrite and 
martensite phases. In another study, Hasegawa et al. [Has04] have investigated the 
microscopic deformation behaviors of different three steel grades with the same tensile 
strength of 980 MPa (with either a dual ferrite/martensite or a single martensite 
microstructure). The authors concluded that the difference in hardness of ferrite and 
martensite in dual phase steel besides the volume fractions are the dominant factors of 
hole expansion ratio. This implies that the similarity in macroscopic properties does not 
necessarily mean that the hole expansion must be similar. Sun et al. [Sun09] have 
predicted the failure modes of the DP steels depending on plastic strain localization and 
demonstrated that the material microstructure-level inhomogeneity is a source of plastic 
instability of DP steels. Building upon this, a realistic microstructure-based model to 
qualitatively analyze the formability of DP steels was developed by Kim et al. [Kim10]. 
The results indicated that the strain localized in ferrite phase between two closely 
martensite particles, in a region with a continuous ferrite phase or in a region with neither 
too low nor too high martensite fraction compared to another region. Moreover, the 
presence of martensite phase in large portions around the ferrite decreases the 
localization of the strain in ferrite and delays the failure. Virtually the whole research work 
in this area emphasizes the crucial role of plastic incompatibility due to hardness 
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difference between the ferrite and martensite phases in determining the stretch-
flangeability of DP steels expressed by the hole expansion ratio.  
The G3 grade exhibits a relatively improved hole expansion ratio compared to those of 
G1 and G2 grades, which could be attributed to the change in microstructure 
constituents (from DP to CP) and introduction of retained austenite. Based on the current 
hole expansion results investigations, the bainitic microstructure and presence of 
retained austenite can lead to an improvement of the stretch-flangeability properties of 
DP steels. In addition, if the hardness difference between ferrite and martensite would be 
decreased, a better hole expansion ratio would be achieved. The determination of 
microscopic failure mechanism during hole expansion testing is out of the scope for this 
study. 
6.4.4. Effect of test conditions on nature of formed oxide layer and corrosion 
resistance  
The important advances in designing atmospheric corrosion resistant steels and the 
basic understanding of their atmospheric corrosion properties are based on data resulted 
from natural exposure testing in different atmospheres. The accompanied time and cost 
constraints with such exposure tests make the evaluation process of a new alloying 
concept very slow. This encouraged the researchers to develop accelerated laboratory 
tests to investigate the performance of new steel concepts in a short time. It is 
established that accelerated corrosion test should contain wet/dry cycles to characterize 
the properties of atmospheric corrosion resistant steels [Cha70]. However, applying 
different wet/dry conditions makes it difficult to compare the test results delivered by 
different researchers. Accordingly, the atmospheric corrosion performance of the new 
developed alloying concepts in this study are evaluated by conducting a laboratory 
accelerated cyclic corrosion testing after VDA 233-102 [VDA13] test specification.  
The test conditions such as wetting and drying times, concentration of testing solution 
and salt spray rate control the nature of formed corrosion products (protective or not) and 
are decisive parameters in estimating the corrosion rate. The performed corrosion testing 
(according to VDA 233-102) includes additionally a freezing phase in which the 
temperature of test chamber is maintained at -15 °C for 5h. The temperature drops from 
50 to -15 °C in 8h and increases again after freezing to 50 °C in 4h. Since the formed 
oxide layer on the steel surface has a lower thermal expansion coefficient (11x10-6 K-1 
[Sch97]) than that of the base metal (15.3x10-6 K-1 [Sch97]), repeated compressive and 
tensile stresses are generated in the formed oxide layer on successive cooling and 
heating, respectively. The accumulation of these stresses in the oxide layer increases as 
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the test proceeds and eventually leads to formation of cracks and detachment of oxide 
layer from the steel surface such as indicated from the SEM-micrograph in Fig. 6-22. 
It is believed that the interruption of the protective tendency after the 4th testing week is 
mainly due to the detachment of the formed outer oxide layer and the increased supply 
rate of corrosive constituents facilitated through emerging cracks in the innermost 
corrosion nests. Under these conditions, thick and detachable outer oxide layers are 
formed and observed on the surface of the investigated steel grades. As a consequence, 
all the investigated steel grades show almost a steady corrosion rate after the 4th week 
such as figured out in Fig. 6-16. Nevertheless, the innermost layers of the R, G1, G2 and 
G3 grades are more adhesive to the base metal than that of the reference RP grade, 
which is the cause behind their relatively lower corrosion rates. Ultimately, the 
corresponding estimated corrosion rate is affected by the conditions under which the 
corrosion products are formed.  
Despite the severity of testing conditions, the developed weathering-DP grades (G1, G2 
and G3) reveal a comparable corrosion resistance to the reference R grade (atmospheric 
corrosion resistant) and superior to the reference RP grade (DP steel). This statement 
based on both of the qualitative ACRI and the estimated corrosion rate using the 
bilogarithmic relation (formulated as a power law as described by Equation 3-8) between 
the thickness loss and corrosion time. The reliability of this relation in predicting the 
atmospheric corrosion behavior has been established by many authors in several studies 
[Boh73, Leg75, Ben86]. The DP steel (RP grade) exhibits a constant B > 1, while the 
other grades have (0.5 < B < 1) emphasizing that penetration of the corrosive 
constituents is lower in case of weathering and weathering-DP grades than in case of 
reference DP grade. This could be attributed to the better compactness of their 
innermost corrosion layer enhanced by the enrichment with alloying elements such as 
explained by elemental mapping. Moreover, the higher A values of the weathering-DP 
grades proves the higher tendency of the developed alloying concepts to form oxide 
layer at a short testing period.   
Legault and Preban [Leg75] classified the relation based on B value to be; parabolic if B 
= 0.5, linear if B = 1 or cubic if B = 0.33. They reported that the change from type to type 
depends on the diffusion conditions through the oxide layer. Benarie and Lipfert [Ben86] 
have demonstrated that B constant with a value close to 0.5 caused by formation of 
oxide layer by a diffusion-controlled mechanism; however, B value of more than 0.5 
could result due to acceleration of diffusion process by detachment of oxide layer caused 
by erosion, flaking or cracking. Morcillo et al. [Mor13] pointed out that there is no physical 
sense if B > 1, since B = 1 is the limit for unimpeded diffusion due to high permeable 
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corrosion products or no layer at all. They also put an emphasis on the importance of B 
value in determining the protective ability of the corrosion products (the lower the B 
value, the more protective is the corrosion layer). Chen et al. [Che05] published B values 
of more than 1 and argued this with the improper ratio of wet/dry testing period. The A 
constant is as important as B constant in evaluation of the corrosion rate, since it defines 
the initial resistance to corrosion. Legault and Pearson [Leg78] reported that the constant 
A reflects the tendency of the metal surface to produce oxide layer in short-term 
exposure. 
The values of A and B calculated from accelerated corrosion test are susceptible to the 
applied test conditions, which limit their employment in prediction the real-service 
corrosion rate. However,  the A and B constants that are determined from a real 
exposure test for a given steel grade and exposure site could be used to predict the 
atmospheric corrosion rate over prolonged exposure periods [Fel93, Leg75, Boh73]. 
ASTM G 101 [AST04b] also stated that for some environments, the use of the 
logarithmic plot extrapolations may lead to predictions which are somewhat lower or 
somewhat higher than the actual corrosion losses. Specifically, in the low corrosiveness 
environment, the predicted corrosion losses may be higher than the actual losses, 
whereas in higher corrosiveness environment the opposite may be true.  
6.4.5. Effect of alloying concepts on structure and composition of oxide layers 
The alloying concepts of G1, G2 and G3 grades are designed to produce hot-rolled 
steels with improved strength-ductility balance and enhanced atmospheric corrosion 
resistance. The strength-ductility balance is achieved by adjusting their microstructures 
through pilot hot rolling processes. The envisaged enhanced atmospheric corrosion 
resistance is endeavored by adding alloying elements (Cu, P, Ni and Cr) that affect the 
protective quality of the corrosion products. Several studies [Oka70, De 80, Suz80, 
Mis74a, Str90, Shi91] have demonstrated  the significant improvement in atmospheric 
corrosion resistance due to the small additions of alloying elements such as Cu, P, Ni 
and Cr. These elements are able to promote the formation of compact, adherent and 
protective oxide layer during the long-term atmospheric exposure. Different investigation 
[Oka68, Mis74b, Kei83, Mis83, Kih90, Yam94a, Yam94b] reported that the oxide layer 
formed by atmospheric corrosion consisted predominantly of ferric oxyhydroxides 
(FeOOH) and magnetite (Fe3O4). The protective ability of the oxide layer depends on the 
proportions of its constituents, alloying elements and testing conditions. In rich chloride 
environment for example (marine atmosphere) the formed oxide layer is less resistance 
than that formed in poor chloride environment as rural atmosphere [Mat11].  
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The obtained results showed that the oxide layers formed on all grades contain 
magnetite in relatively large amounts besides goethite. The presence of considerable 
amounts of magnetite in corrosion products is an expected consequence of corrosion 
testing in rich chloride atmosphere. Misawa [Mis83] found that the corrosion products 
formed in marine atmosphere contain magnetite in larger amounts than goethite and 
lepidocrocite. There is a wide consensus that the protective ability of corrosion products 
depends on the proportions of goethite and the amorphous substance [Coo99, Yam00, 
Kam00, Oka00]. Therefore, the better atmospheric corrosion resistance exhibited by the 
weathering-DP steels (particularly G3 grade) over the reference DP steel could be 
attributed to the existence of goethite in relatively larger amounts as XRD-analyses have 
indicated. Kamimura et al. [Kam06] proposed the so-called protective ability index based 
on the compositional change of the formed oxide. In case of seaside environment, this 
index (𝛼/𝛾∗) is represented by the mass ratio of goethite to the sum of lepidocrocite, 
akaganeite and magnetite. Akaganeite and amorphous compounds were not detected by 
the performed XRD analyses. Considering the concept of protective ability index of the 
oxide layer emphasizes that the higher goethite share in case of weathering-DP steels 
could contribute to their better atmospheric corrosion resistance. But the share of 
goethite is not the only reason for the improvement in atmospheric corrosion resistance 
of the weathering-DP grades, since the difference in goethite content between them and 
the reference RP grade is not that much.  
The coupling of results from elemental mapping and XRD-analyses indicates that a 
specific compound (relatively darker regions in Fig. 6-25 and Fig. 6-26) in the innermost 
layers of weathering and weathering-DP steel grades is selectively enriched with Cu, Cr 
and Si. By rule of thumb the darker regions in oxide layer should have lower density. 
Accordingly, goethite is the most likely phase that represents the darker regions enriched 
with Cu, Cr and Si in the oxide layer. Cracks and holes are in black. The elemental 
mapping revealed also the uniform distribution of Ni and P between the oxide layers and 
the base metals of the weathering-DP grades. In addition, Mo is present also in oxide 
layer of G3 grade as well as in base metal. The enrichment of oxide layers on 
weathering-DP grades with these alloying elements makes them more adherent to the 
base metal and improves their compactness, which eventually leads to better 
atmospheric corrosion resistance. In addition, the enrichment of goethite with such 
alloying elements (especially Cu) added up to its protective ability. Therefore, the 
improved atmospheric corrosion resistance of weathering-DP grades over the reference 
RP grade is not only due to the relatively higher content of goethite but also due to the 
uniform distribution of P, Ni and Mo over the innermost oxide layer and local enrichment 
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of goethite with Cu, Si, Cr. Asami and Kijuchi [Asa02, Asa03] characterized the oxide 
layers formed on carbon and weathering steels and found that the Cu, Cr and Si were 
enriched in the inner oxide layer while P and Ni did not show any characteristic 
distribution. Yamashita et al. [Yam94b] found that the inner oxide layer formed on 
weathering steel exposed in industrial atmosphere for 26 years composed mainly of 
nano-sized Cr-enriched goethite. The Cr enrichment in inner oxide layer agrees also with 
the findings of Okada et al. [Oka69] who reported that the inner oxide layer of weathering 
steel exposed for a few years was enriched with a considerable amount of Cr, Cu and P. 
 It is historically established that a small addition of Cu improves the atmospheric 
corrosion resistance of mild steel [Buc16]. Evan [Eva69] postulated that Cu and Cr in 
weathering steels promote the formation of stable spinels less conductive than magnetite 
improving the atmospheric corrosion resistance. Misawa [Mis71] stated that the 
dissolution of Cu from the steel matrix catalyzes the oxidation of Fe(II)-complex ions to 
form amorphous feroxyhyte (𝛿-FeOOH). Furthermore, Stratmann and Streckel [Str90] 
confirmed the retardation of corrosion by formation of a compact layer containing Cu. 
They proposed that the incorporation of Cu in the oxide layer decreases the electronic 
conductivity of the oxide leading to a change in the kinetics of the cathodic reaction.     
According to Misawa et al. [Mis71], the dissolution of P during the initial stages of 
corrosion and its concentration on the metallic surface of weathering steel catalyzed the 
formation of amorphous feroxyhyte that led to the improved atmospheric corrosion 
resistance. Kihira et al. [Kih90] characterized the oxide layer formed on a weathering 
steel containing 0.1 wt.% P that exposed to an urban atmosphere for 19 years. They 
demonstrated the enrichment of P in the intermediate oxide layer and the presence of 
iron phosphate bands attributing this to the conversion of phosphorus into iron 
phosphate during the formation of the oxide layer. In addition, the formation of colloidal 
particles was in-situ observed during the initial stage of corrosion of weathering steel with 
and without 0.1 wt.% P immersed in 0.5 m NaCl. This led to explaining the role of P in 
the formation of the amorphous oxide layer by the presence of phosphate layer beneath 
which the amorphous layer was formed [Kih90].  
The elemental mapping of G3 grade does not show any clear trend for Mo in the oxide 
layer rather it reveals a uniform distribution. In fact, the effect of Mo on the atmospheric 
corrosion resistance did not investigated extensively such as Cu, P and Cr. Townsend 
[Tow01] has analyzed the data of 16 years exposure tests that were carried out by 
Bethlehem Steel Corporation on several hundred  low alloy steel compositions to define 
the effect of various alloying elements and impurities on the corrosion resistance of steel. 
Different equations were developed to calculate the corrosion loss as a function of time 
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for steel with various combinations of alloying elements and to estimate how the 
corrosion losses of weathering steels were affected by changing the content of a 
particular alloying element.  Mo was among the alloying elements that evaluated to be 
beneficial to the corrosion resistance. In another study, Hao et al. [Hao12] investigated 
the evolution of oxide on Mo-Cu-bearing steel in industrial atmosphere. The authors 
indicated that Mo and Cu enriched in the inner oxide layer particularly beneath the 
corrosion nests leading to formation of molybdate and Cu(I)-bearing compounds which 
improved the atmospheric corrosion resistance.    
6.5. Conclusions 
The mechanical properties of the pilot hot-rolled sheets are evaluated by means of 
tensile, hole expansion and bending tests and discussed in view of the applied 
processing routes and the corresponding developed microstructure features. The 
following points summarize the main findings: 
 The incorporation of the weathering concept into the DP alloying concept leads to 
adjustment of a DP microstructure comprising 71 vol.% ferrite, 2 vol.% pearlite 
and 27 vol.% martensite by adopting a continuous cooling strategy followed by 
water quenching from 600 °C. The evaluated mechanical properties correspond 
to the typical characteristic values of DP steels (Rp0.2 ≈ 380 MPa, Rm ≈ 730 MPa, 
A50 ≈ 14%, yield ratio of 0.51 and n-value of 0.2). In comparison to the 
weathering steel, weathering-DP steel exhibits inferior bending angle and hole 
expansion ratio. Nevertheless, the concept of weathering-DP achieves the 
envisaged strength-ductility balance which could not be offered by weathering 
steel concept.  
 The addition of Nb to the weathering-DP steel concept facilitates the adjustment 
of the DP microstructure by a thermomechanical controlled rolling process. 
Moreover, it assists in tailoring the corresponding mechanical properties by 
conditioning the terminal hot rolled austenite. The developed microstructure 
comprises 30 vol.% ferrite and 70 vol.% martensite and exhibits a higher tensile 
strength than weathering-DP without Nb. The increase in tensile strength is 
estimated to be around 140 MPa due to the grain refinement and precipitation 
hardening effects. However, the ductility is slightly deteriorated (A50 of 11%) due 
to the increased banding tendency and relatively larger size of martensite 
particles. Likewise, the hole expansion ratio and bending angle show lower 
values than weathering-DP without Nb.  
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 The combined Nb-Mo-addition to the weathering-DP concept not only allows the 
processing by a thermomechanical controlled rolling but also further expands the 
processing window to enable the easy processing and adjustment of a CP 
microstructure by a continuous air cooling. The solute drag effect is increased by 
Mo addition and low temperature microstructural components such as bainite and 
martensite are encouraged to form due to the increased hardenability. Thus, the 
developed microstructure consists mainly of granular and lath bainite (bainitic 
ferrite with fine granular- or lath-shaped martensite particles), besides 15 vol.% 
polygonal ferrite, 4 vol.% martensite and 7 vol.% retained austenite (measured by 
XRD). Such Nb-Mo-combined addition leads to further increase in strength level 
with 70, 210 and 475 MPa compared to Nb-alloyed weathering-DP, weathering-
DP and weathering steels, respectively. Furthermore, the hole expansion ratio is 
improved compared to those of weathering-DP with and without Nb. It is 
noteworthy that with such a jump in tensile strength the ductility (A50 of 13%) is 
still comparable with weathering-DP steel and superior to that of Nb-alloyed 
weathering-DP, which can be attributed to the TRIP effect. In addition, the 
bending angle recorded at maximum force exhibits a comparable value (83°) to 
that of the weathering steel (89°) with almost ferritic microstructure in spite of the 
fact that the tensile strength of Nb-Mo alloyed weathering-DP is more than double 
of that of weathering steel. 
 Based on the developed hot-rolled microstructures and the evaluated mechanical 
properties, the new weathering-DP concepts achieve the envisaged strength-
ductility balance compared to weathering steel. The relative low expansion ratios 
evaluated for the weathering-DP grades are primarily due to the hardness 
difference between the microstructural constituents as demonstrated by the 
hardness mapping. Moreover, there are also other factors that could influence the 
hole expansion ratio and lead to large deviation such as human factor and edge 
roughness associated to hole piercing.  Nevertheless, the measured values are 
comparable to those reported on various DP steels by different authors. It is 
worth mentioning that the introduction of bainite and retained austenite leads to 
better values such as exhibited by Nb-Mo alloyed weathering-DP. Regarding the 
bendability, although a high bending angle is achieved by weathering steel, it 
experiences a sever thinning; however, the weathering-DP grades showed a 
strain hardening behavior. Moreover, the presence of retained austenite 
strengthens the hardening effect and allows a comparable bending angle to that 
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of soft ferritic microstructure to be achieved in spite of the extrem difference in 
strength level. 
Besides the mechanical properties, the atmospheric corrosion resistance of the new 
developed weathering-DP steel concepts is estimated by conducting cyclic atmospheric 
corrosion testing according to VDA 233-102 test specification and compared with a 
reference DP steel grade. The main conclusions that could be drawn concerning 
corrosion behavior are:  
 The applied test conditions (in terms of change in temperatures) involve a 
freezing phase which stimulates repetitive compressive and tensile stresses 
leading to detachment of the outer oxide layers and cracks formation in the inner 
one. This change in temperatures during corrosion testing is larger than the 
applicable temperature range for weathering steels. In spite of that, the innermost 
layers of the weathering-DP grades are more adhesive to the base metal than 
that of the reference DP steel grade. 
 The interruption of the protective tendency for the new weathering-DP steels after 
the 4th week and the subsequent displayed constant corrosion rate is due the 
continuous penetration of corrosive constituents after detachment of the outer 
oxide layer. 
 Based on the mass loss and corresponding thickness loss measurements, the 
estimated corrosion resistance of the new weathering-DP steels is comparable to 
that of the weathering steel and superior to that of the reference DP steel. The 
weathering and weathering–DP steels corrode at average corrosion rate of 0.22 
and 0.26 µm/week, respectively; which is around 40% lower than the corrosion 
rate at which the reference DP steel corrodes (0.42 µm/week).  
 The corrosion products formed under chloride rich testing conditions consists 
mainly of magnetite and goethite. The highest goethite content is identified for 
Nb-Mo alloyed weathering-DP, while the lowest one is for the reference DP steel. 
The improved atmospheric corrosion resistance of weathering-DP steels over the 
reference DP steel is not only due to the relatively higher content of goethite but 
also due to the uniform distribution of P, Ni and Mo over the innermost oxide 
layer and local enrichment of goethite with Cu, Si, Cr.  
 The detachment of the corrosion products due to severity of the applied test 
conditions made the comparison on the basis of the developed microstructures 
difficult. The weathering and new weathering-DP steels (containing the alloying 
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elements which enhance the atmospheric corrosion resistance: Cu, P, Ni and Cr) 
showed a protective tendency after the 2nd testing week; however, the reference 
DP steel continuously corroded without showing such protective tendency. This 
behavior emphasizes the significant role of the alloying concept in resisting the 
atmospheric corrosion. However, among the Cu-P-Ni-Cr alloyed grades no clear 
preference or trend could be observed based on the differences in 
microstructures till the interruption of the protective tendency.  
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7. Summary 
 
This work aims at developing new weathering-DP steel concepts which possess a good 
strength-ductility balance and an improved atmospheric corrosion resistance. The main 
focuses of this work and methodologies used to achieve this goal are shown in Fig. 7-1.  
The thermomechanical simulation experiments are performed to study the phase 
transformation behaviors, determine the critical temperatures and to investigate the 
recrystallization kinetics of the weathering-DP steel concepts. The continuous cooling 
transformation diagrams of the weathering-DP grades indicate ferrite transformation 
retardation due to the solute drag effect exerted by the considerable amount of alloying 
elements, particularly by Nb and Mo. In addition, the results of the developed multi-pass 
compression tests show that the recrystallization stop temperature (TNR) for Nb and Nb-
Mo alloyed grades depends strongly on the processing parameters such as reheating 
temperature and interpass time. These parameters could decide whether deformation-
induced precipitations and/or solute drag effect is the responsible mechanism for the 
retardation of static recrystallization. The synergetic effect of Nb-Mo combined addition 
results in increasing the TNR by about 20 °C higher than Nb addition does. Moreover, a 
reheating temperature of not less than 1200 °C together with an interpass time of not 
more than 12s can assure the processing by a thermomechanical controlled rolling for 
Nb and Nb-Mo alloyed weathering-DP steels.  
In view of the available capabilities of the pilot hot rolling plant (established by 
preliminary trials) the applicable rolling schedules and cooling strategies have been 
designed. Subsequently, these schedules have been tested in thermomechanical 
simulation experiments to adjust the targeted microstructures (weathering: 
ferrite/pearlite, weathering-DP: dual phase, Nb-alloyed weathering-DP: dual phase and 
Nb-Mo-alloyed weathering-DP: complex phase). The real-process-based 
thermomechanical simulation experiments reveal delayed ferrite kinetics on applying a 
step cooling strategy (in the applicable time-temperature holding window on the run out 
table of the pilot hot-rolling plant), whereas the continuous cooling strategy provides an 
adequate time for ferrite transformation to proceed.  
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Fig. 7-1: Schematic representation of the methodology followed to achieve the main goal of the 
work. DP: dual phase, FRT: finish rolling temperature, CC: continuous cooling, TNR: 
recrystallization stop temperature and F, P, B, M and 𝛾r: vol.% of ferrite, pearlite, bainite, 
martensite and retained austenite, respectively  
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Eventually, a DP microstructure containing at least 70 vol.% ferrite is adjusted for both of 
the weathering-DP and Nb-alloyed weathering-DP grades by applying a continuous 
cooling strategy. However, a CP microstructure is adjusted for Nb-Mo-alloyed 
weathering-DP grade by continuous cooling to room temperature due to the substantial 
delay in its ferrite kinetics caused by the high Mo content (0.36 wt.%). The most 
successful processing parameters from laboratory scale are transferred afterwards to the 
pilot scale to produce the hot-rolled sheets for different characterization purposes 
(microstructure, mechanical properties and corrosion behavior). 
It is worth mentioning that the developed hot-rolled microstructures of the weathering-DP 
grades reveal a meaningful agreement with those from real-process-based 
thermomechanical simulation experiments. The same agreement is found with the 
recorded phase transformation by means D-CCT diagrams at cooling rates that 
correspond to the applied continuous cooling strategies. Small differences in volume 
fractions and morphology of the formed phases are detected which could be attributed to 
the uncontrollable conditions during pilot hot rolling processing such as the cooling rate 
from pass to pass and the probable inhomogeneous temperature distribution. In addition, 
the comparison between the mechanical properties of weathering-DP grade evaluated 
form the pilot hot-rolled sheets and form the thermomechanical treated blocks confirms 
only small differences between laboratory-scale and pilot-scale processing. This 
emphasizes the reliability of the performed laboratory-scale process simulation.  
The addition of Nb to the weathering-DP steel concept facilitates the adjustment of the 
DP microstructure by a thermomechanical controlled rolling and a continuous cooling 
strategy, as well as it assists in tailoring the corresponding mechanical properties by 
conditioning the terminal hot rolled austenite. Also, the Nb-Mo combined addition further 
expands the processing window to enable the easy processing and adjustment of a CP 
microstructure by a continuous air cooling. 
The mechanical properties of the developed hot-rolled weathering-DP grades are 
influenced by the alloying concepts and processing conditions together with the 
associated developed microstructure features (vol.% of second phases, size, 
morphology and distribution). The results of the tensile testing indicate that the 
envisaged strength-ductility balance is accomplished by the new weathering-DP 
concepts. Tensile strengths in the order of 730, 870 and 940 MPa accompanied by 
average total elongations of 14, 11 and 13% are achieved by weathering-DP, Nb-alloyed 
weathering-DP and Nb-Mo-alloyed weathering-DP grades, respectively, while the 
weathering steel shows a tensile strength of 465 MPa with average total elongation of 
25%. Stretch-flangeability of the developed weathering-DP steels (that composed of 
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different phases with considerable variation in hardness) is inferior to that of weathering 
steel. Nevertheless, the Nb-Mo-alloyed weathering-DP grade with a CP microstructure 
shows a slight improvement in hole expansion ratio. In fact, the Nb-Mo combined 
addition to weathering-DP increases the tensile strength with 210 MPa (≈29%) without 
significant decrease in total elongation. Furthermore, a comparable bendability to the 
almost ferritic-microstructure weathering steel is attained although the tensile strength is 
more than double. This distinguished behavior of Nb-Mo-alloyed weathering-DP grade is 
attributed to the TRIP effect driven by the presence of 7 vol.% retained austenite in its 
microstructure. Upon these, it would be safe to conclude that Nb-Mo-alloyed weathering-
DP grade achieve a superior tensile strength (more than two times as high as that of 
weathering grade) with acceptable total elongation value of approximately 13% and 
comparable bendability. 
The atmospheric corrosion behaviors of the pilot hot-rolled weathering-DP grades are 
compared to those of weathering steel and another reference hot-rolled DP steel by 
means of an accelerated cyclic atmospheric corrosion testing according to VDA 233-102 
test specification. The thickness loss vs. the testing time measurements show that the 
new weathering-DP grades and the weathering steel exhibited a protective tendency 
after the 2nd testing week; however, the reference DP steel continued to corrode almost 
at the same rate. This protective tendency was interrupted after the 4th testing week and 
all investigated grades corroded further almost at the same rate till the end of the test. 
The interruption of protective tendency is attributed to the detachment of the formed 
oxide layers due to the severity of test conditions which contained a freezing phase that 
stimulated cyclic compressive and tensile stresses in the formed oxide layer with the 
repetitive freezing and heating. These stresses originated from the difference in thermal 
expansion between the oxide layer and the base metal. In spite of this, the comparability 
was still possible. The thickness loss measurements reveal that the estimated corrosion 
resistance of the developed new weathering-DP steels is comparable to that of the 
weathering steel and superior to that of the reference DP steel. The weathering and 
weathering–DP steels corrode at average corrosion rate of 0.22 and 0.26 µm/week, 
respectively; which is around 40% lower than of the corrosion rate at which the reference 
DP steel corrodes (0.42 µm/week).  
The corrosion products consist mainly of magnetite and goethite. The highest goethite 
content is identified for Nb-Mo-alloyed weathering-DP grade while the lowest one is for 
the reference DP steel. The improved atmospheric corrosion resistance of weathering-
DP steels over the reference DP steel is not only due to the relatively higher content of 
goethite but also due to the uniform distribution of P, Ni and Mo over the innermost oxide 
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layer and local enrichment of goethite with Cu, Si, Cr. The size and distribution of 
goethite are also key parameters in protectiveness of the oxide layer, but could not be 
quantified due investigation limitations. 
The exhibited corrosion protective tendency by weathering-DP grades (after the 2nd week 
and before the detachment of the oxide layer by testing conditions) emphasizes the 
successful impartment of good atmospheric corrosion resistance in DP concept by Cu-P-
Ni-Cr additions. However, the detachment of the oxide layers makes the comparison on 
the basis of the developed microstructures difficult; in particular, the weathering-DP 
grades display almost the same behavior in the testing time window (the first 4 testing 
weeks) where the oxide layers were still stable. Therefore, it would be unsafe to draw a 
conclusion concerning the effect of developed microstructures on the corrosion behavior.  
Other investigations that would be helpful to complete the characterization process of the 
developed weathering-DP steels are; testing the weldability, corrosion behavior of 
painted-scratched specimens and evaluating the stability of the formed oxide under 
vibrations. Moreover, the processing window could be better designed to control the size 
and distribution of martensite particles for the Nb-alloyed weathering-DP grade, which 
was not possible under the available capabilities of the used reversing rolling stand in 
this study. To this end, this work introduces new alloying concepts to develop hot-rolled 
weathering-DP steels that combine a good strength-ductility balance and enhanced 
atmospheric corrosion properties which could be a good candidate for transportation 
applications; however, the feasibility of putting these concepts into practice still needs to 
be industrially discussed. For the different weathering-DP concepts, the phase 
transformation behaviors were studied, the feasible processing window was defined and 
the proper cooling strategy was designed to adjust the suitable microstructures at 
laboratory scale. The most promising processing parameters were transferred to the pilot 
scale and the hot-rolled sheets were produced. The characterization tests establish that 
the obtained mechanical and corrosion properties fulfil the main goal of the work.  
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